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GENERÄL INTRODUCTION
The floristic composition and development of the semi-natural grasslands in 
coastal sand dunes can be strongly influenced by cattle grazing or recreation. 
More i nsi ght i nto factors affecti ng the vegetati on is important not only ecologi cal ly 
but also for nature conservation management. Although the influences of cattle 
grazing and walking by people differ, both lead to trampling and soil compaction 
(e.g. Westhoff 1967). In a series of papers incorporated into this thesis, a 
study on the effects of trampling and soil compaction on the occurrence of some 
P l a n t a g o  species in coastal dune sand soi 1 s is described. The P l a n t a g o  species 
were chosen because the distribution of P . m a j o r  L. ssp. m a j o r  and, to a 
lesser degree, that of P . c o r o n o p u s  L. is thought to be positively correlated 
with trampling or soil compaction (e.g. Bates 1935 and Oberdorfer 1970). It was 
therefore considered useful to compare the occurrence of these two taxa with that 
of some closely related species in the same genus and with a similar life form.
In this study the effects of trampling and soi 1 compaction on the germinabi 1 ity, 
seedling establishment, growth, and reproduction of the chosen species were 
investigated. The importance of all stages in the life-cycle of the plant for a 
study on the effects of an environmental factor on the behaviour of that plant 
has all too often been ignored, as had also been discussed by Grubb ( 1977), Harper 
(1977), and Rabotnov (1978). Another starting point of this study was the basic 
idea that studies in the field must be supported by experimental work to obtain 
more insight into the reactions of a given species. For this approach the results 
obtained in the 1 aboratory must be rechecked in the field. Under natural condi tions 
the occurrence and performance of an individual plant reflect the effects of the 
i nteracti on of many environmental factors. Experiments under control led condi ti ons 
make it possible to investigate the separate and combined effects of environmental 
factors on the reactions of a plant.
Three 1 evel s of i nvesti gati on are di sti ngui shed: field studies , studies performed 
in experimental plots under natural climatological conditions, and experiments 
performed under controlled conditions in the laboratory.
The aim of the fiel d work in the present study was to i nvesti gate the occurrence 
of P l a n t a g o  l a n c e o l a t a  L., P . c o r o n o p u s  L., P . m a j o r  L. ssp. major, 
and P . m a j o r  L. ssp. p l e i o s p e r m a  Pilger in relation to two environmental 
factors: trampling and soil compaction. The aim of the experimental work on the 
open plots as well as in the laboratory was to investigate the effects of soil 
compaction separately, and those of trampling and compaction in combination, on 
the reaction of the P l a n t a g o  species. This experimental approach was applied 
because in the field, soil compaction may be caused either by trampling or by 
other factors such as fluctuations in the ground-water level. For comparison of
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the reaction of the P l a n t a g o  species occurring in coastal dune areas to the 
envi ronmental factors mentioned, P . m e d i a  L. originating from loam or cl ay soi 1 s 
was included in the experimental studies.
In Chapter I (Blom 1976) attention is focussed on the effects of soi 1 compaction 
on the germination, emergence, and establishment of P l a n t a g o  seedlings. The 
results of sowing experiments on bare sandy soils differing in compaction and 
moisture content are discussed. These experiments were performed in open plots 
as well as under control led condi ti ons i n a growth cabinet. In the 1 aboratory tests 
a distinction was made between surface-lying and buried seeds, because both 
situations occur under field conditions.
In Chapter II (Blom 1977) the effects of compaction with trampling on the 
emergence and establishment of P l a n t a g o  seedlings are described. To study the 
reaction of seedlings growing alone and in a vegetation, laboratory experiments 
were designed in which seeds were sown on bare sandy soi 1 s and on turves originating 
from a dune grassland. Artificial trampling regimes at different intensities were 
applied. Additional sowing tests were performedin the field to permit comparison 
of results obtained under laboratory and field conditions.
In Chapter III (Blom 1978a) the influence of age as well as of various light 
intensities on the germination of P l a n t a g o  seeds is discussed. These tests 
were performed because under natural condi ti ons the seed bank of a soil is composed 
of seeds of different ages. Furthermore, seeds in the field may be exposed to 
different light conditions. Sowing experiments performed on artificial substrates 
varying in particle size are described; the effects of differences in the micro­
topography of the surface and differences in porosity of the substrate on the 
germination of P l a n t a g o  seeds were studied. These experiments were designed 
because in the field trampling and compaction can change the shape and size of 
the mi crosi tes avai 1 able to the seeds. Furthermore, the establ i shment of P l a n t a g o  
seedlings on paths, path edges, and untrampled soils in the field in the course 
of a sowing experiment is described.
In Chapters IV and V (Blom 1978b, 1979) the effects of soil compaction alone 
and of trampling combined with compaction on the performance of full-grown 
P l a n t a g o  pi ants are di scussed. In experimental plots different trampl ing regimes 
on various compacted soils were applied by means of a trampling machine. In 
addition to the effects of these two factors on the size of the rosettes, the 
seed production in the course of this experiment was investigated. Special 
attention was given to the effects of the environmental factors under study on 
the root development, which was evaluated on the basis of the rooting patterns 
and the biomass distribution in the roots.
In Chapter VI (Blom et al. 1979) the vegetation of two coastal dune grasslands 
in the south-western part of the Netherlands is described. One of these areas is 
trampled by cattle and the other by people. The occurrence of P . c o r o n o p u s ,
P .1a n c e o l a t a , P . m a j o r  ssp. major, and P . m a j o r  ssp. p l e i o s n e r m a  and
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thei r presence in various communities were studied with the Braun-Blanquet method. 
The d i s t r ibu t ion  of the P l a n t a g o  species and the i r  communities was investigated 
in re lat i  on to soi 1 factors i nfl uenced by trampl ing and soi 1 compacti on. An attempt 
was made to expl ai n the behavi our of the P l a n t a g o  species in question with the 
help of the f indi  ngs made i n the experiments performed under control led conditions.
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Effects of trampling and soil compaction 
on the occurrence of some Plantago species 
in coastal sand dunes
i. Soil compaction, soil moisture and seedling emergence
c. w .  p. m . b l o m  *
S U M M A R Y
The mechanical resistance of  coastal dune sands was found to be an important  factor for the 
emergence and seedling establishment of  Plantago lanceolata, P. coronopus, P. major, P. media, 
and Potentilla tabernaemontani.
Under  optimal soil-moisture conditions, emergence and establishment of all species occur 
in higher percentages on the loose sandy soils than on the compacted substrates; the radicles of 
P. major and P. coronopus are more  capable of  penetrating compacted sandy soils than those of 
the other  species under  study.
Under  low soil-moisture conditions, the highest numbers  of  seedlings of the Plantago species 
are found on the compacted soils; in contrast,  Potentilla is found most frequently on the loose soils. 
U nder  these conditions the emergence of  Plantago species is limited more by the low water supply 
than by the high mechanical resistance of the soil. The emergence of  P. major and P. media is more 
susceptible to adverse moisture conditions than that of  the other  species.
In experimental plots in the field, P. major and P. media are the best adapted to the conditions 
found in compacted sandy soils, whereas the occurrence of  seedlings of  the other  Plantago species 
is favoured on the loose, relatively dry soils.
R É S U M É
La résistance mécanique du sable des dunes côtières s 'est avérée être un facteur important  
pour la levée et ré tabl issement de plantules de Plantago lanceolata, P. coronopus, P. major, P. media 
et Potentilla tabernaemontani.
Sous des conditions optimales d 'humidi té ,  la levée et l 'établissement des plantules est plus 
précoce, avec des pourcentages plus élevés sur sol sableux meuble que sur substrat compact ;  les 
radicules de P. major et P. coronopus pénètrent plus facilement les sols sableux compacts que les 
autres espèces étudiées.
Sous une faible humidité,  il y a davantage de plantules de Plantago sur sol compact,  alors 
que Potentilla se rencontre plus fréquemment sur sol meuble. D ans  ces conditions, l 'appari t ion 
de Plantago dépend plus de la faible quanti té  d 'eau  disponible, que de la haute résistance mécanique 
du sol. L ’appari t ion des plantules de P. major et P. media est plus sensible aux conditions défavorables 
d 'humidité  que les autres espèces.
Les résultats expérimentaux sur des parcelles in situ montrent  que P. major et P. media sont 
le mieux adaptées aux sols sableux compacts  tandis que les autres espèces de Plantago sont favo­
risées par  des sols meubles relativement secs.
* Institute of  Ecological Research, Biological Station Weevers’ Duin,  Duinzoom  20 a, 
Oostvoorne (The Netherlands).
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I. I N T R O D U C T I O N
One of  the subjects o f  the ecological research p rog ram  for the coastal dune areas 
in The N ether lands  concerns the influence o f  recreation and  grazing on the vegetation. 
Both involve trampling  of  the vegetation, which also leads to com pact ion  of  the soil.
The aim o f  the present investigation was to determine the effects o f  t r a m ­
pling and soil com pact ion  on the development o f  the semi-natural dune vegetation 
and  on the occurrence o f  some Plantago species. These species were chosen because 
trampling  and soil com paction  are though t  to be of  im portance  for their distr ibution 
( B a t e s ,  1935, W e s t h o f f  and V a n  L e e u w ' e n ,  1966, W e s t h o f f ,  1967, G o l d s m i t h  
et al., 1970 and  B u r d e n  and  R a n d e r s o n ,  1972). O f  the five species under  study, 
Plantago lanceolata L., P. coronopus L., and  P. major L. are found on dune  soils 
com pacted  and trodden  to various degrees. F o r  com parison  o f  these dune species 
with a species originating from moderately  t rodden  loam or clay soils, P. media L .  
was selected. Potentilla tabernaemontani Aschrs.,  which grows in the dune area 
mainly on very lightly trodden  soils, was also included to com pare  the behaviour  
o f  the Plantago species with tha t  o f  a species belonging to a different genus.
For  the investigation o f  the occurrence o f  plant species u n d e r  various experi­
mental conditions,  a division must be made between the effects o f  these condit ions 
on the germination,  emergence, and  development o f  the seedlings on the one hand  
and  on the o ther  stages of  the life cycle o f  the plant,  on the other. In this first paper  
o f  the for thcom ing series the results o f  sowing experiments on bare dune soils dif­
fering in com paction  and  moisture are discussed. The effects o f  com pact ion  and 
moisture on radicle emergence (the first clear manifestat ion tha t  germ inat ion  has 
taken place) and on the emergence and  establishment o f  seedlings were studied 
separately and in com binat ion .  These experiments were performed in a g row th  
cabinet under fixed conditions as well as in experimental plots in the field. In the 
experiments done in the growth cabinet a distinction was made between surface- 
lying and  buried seeds, because both  situations occur under  field conditions,  p a r t i ­
cularly on paths. On a path  the chance is very high tha t  seeds lying on the soil su r­
face will be pressed into the soil by trampling. F u r the rm ore ,  m any au thors  have 
reported that  the p lanting depth  is an im por tan t  factor for seed germ ination  ( T a y l o r ,  
1962, T a y l o r  et al., 1966, O n y e k w e l u ,  1972). Together  with soil com pact ion  and 
soil moisture, the factor o f  t ram pling  was studied in relation to the emergence 
and establishment o f  Plantago seedlings in greenhouse experiments and  in sowing 
experiments under  field conditions. The results o f  the t ram pling  experiments will 
be reported in the second paper  o f  this series.
Studies on the influence o f  soil com paction  on the emergence o f  seedlings are 
found mainly in the agricultural literature. M ost  o f  the au tho rs  found  a depressed 
emergence of  seedlings at  increasing degrees o f  soil com paction .  R i c h a r d s  (1953)
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showed a decrease in emergence o f  bean seedlings with increasing hardness of  the 
soil crust, and  P a r k e r  and T a y l o r  (1965) and  T a y l o r  et al. (1966) reported that  
in laboratory  studies emergence percentages o f  mainly gramineous seedlings decreased 
slightly as the soil com paction  increased; in strongly com pacted  soils no emergence 
occurred. H a n k s  and T h o r p  (1956) showed that  an increase of  bulk density o f  silty 
clay loam, silty loam, and fine sandy loam at field capacity resulted in a decrease 
of  wheat seedling emergence. B a r l e y  and  G r e a c e n  (1967) described experiments 
in which it was dem onstra ted  tha t  mechanical resistance in general can exert a nega­
tive influence on seedling emergence.
In ecological research, soil com paction  is considered to be an im por tan t  eco­
logical factor ( V a n  L e e u w e n ,  1966, V a n  D e r  M a a r e l ,  1966 a, 1966 b). Besides the 
effect o f  walking by people and animals  and the influence of  vehicles ( V a n  D e r W e r f ,  
1970, L i d d l e ,  1975, L i d d l e  and G r e i c . - S m i t h ,  1975 a ,  b), fluctuation o f  the g ro u n d ­
water level and the impact  o f  ra indrops  on soils can change the com paction  of 
surface layers ( M c I n t y r e ,  1955, 1958). H a r p e r  et al. (1965) observed tha t  m odi­
fication of  soil m icro topography  by com paction  causes a reduction in the esta­
blishment o f  some plant species. According to S h e l d o n  (1974), the mortality of  
surface-lying seeds o f  some Compositae increased with com paction .  P f m a d a s a  
and L o v e l l  (1974), who studied the establishment o f  seedlings o f  some dune 
annuals  planted in com pacted  soils, a t tr ibuted  the high mortali ty  of  the planted 
species mainly to the competi t ion  of  the perennial vegetation and the high m echa­
nical resistance o f  the wet soil.
II. M A T E R IA L S  A N D  M E T H O D S
(a) G r o w t h - c a b i n e t  e x p e r i m e n t s
T h e  e x p e r im e n t s  on  the  rad ic le  a n d  seed l ing  e m e rg e n c e  o f  the  fo u r  Plcintago a n d  o n e  
Potentilla  species  were  p e r f o r m e d  in a  g r o w th  c a b in e t  u n d e r  fixed c l im a to lo g ica l  c o n d i t io n s ,  
i . e . ,  18 h o u r s  l ight,  6 h o u r s  d a rk n e s s ,  t e m p e r a t u r e  24°C,  a n d  re la t ive  a i r  h u m id i ty  7 0 % .  
These  e x p e r im e n t s  w ere  ca r r i e d  o u t  w i th  seeds  o f  Plantago lanceolata , P. coronopus , P. major , 
a n d  Potentilla tabernaemontani, all co l lec ted  o n  a  g ra s s la n d  in the  d u n e  a r e a  o f  V o o r n e  
(T he  N e th e r l a n d s ) ,  a n d  with  seeds  o f  P. media  f r o m  a  l im e s to n e  g ra s s la n d  in the  s o u th e r n  
p a r t  o f  T h e  N e t h e r l a n d s  (p ro v in c e  o f  Z u id - L im b u r g ) .  T h e  seeds w ere  s to re d  in enve lopes  
at  r o o m  t e m p e r a t u r e  fo r  2 years .  In all o f  the  e x p e r im e n t s  tw o  h u n d r e d  seeds  o f  each  species 
were  so w n  se p a ra te ly  in w o o d e n  b o x es  (30 x 30 x 10 cm .)  filled w i th  a  d u n e  s a n d  p o o r  in 
n u t r ien ts  ( h u m u s  c o n t e n t  0 . 5  %, p H  9 .0 ) .  T h r e e  series o f  boxes  were  p r e p a r e d :  in series 
A the soil was  n o t  c o m p a c t e d ,  in series  C  the re  w as  m a x im a l  c o m p a c t i o n ,  a n d  in series B 
the c o m p a c t i o n  w'as i n t e r m e d ia t e  b e tw een  A  a n d  C. C o m p a c t i o n  o f  the  soil w as  p r o d u c e d  
a c c o rd in g  to  M u r t y  (1964) a n d  R o s e n b e r g  (1964), by r a m m i n g  d o w n  the  s u b s t r a t e  in layers  
with  a th ick n ess  o f  3 c m . ;  a f te r  th e  p a c k in g  o f  e a c h  layer,  the  soil su r face  w as  s c r a p e d  to 
en su re  a  h o m o g e n e o u s  soil  profile.
Soil c o m p a c t i o n  w as  d e t e r m in e d  by m e a s u r e m e n t  o f  the  soil re s is tance  with  a  p e n e ­
t ro m e te r .  T h e  soil re s is tance  in the  u p p e r  2 cm .  w as  less t h a n  0.1 k g / c m 2 in series A,
tome 11, n° 3 - 1976
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5 k g / c m 2 in series B, a n d  10 k g / c m 2 in series C. T h ese  so i l - res is tance  va lues  c o r r e s p o n d  
with  p o re  v o lu m e s  o f  45, 42, a n d  39 p. cen t ,  respect ive ly .  T h e  la t te r  v a lu es  w'ere d e t e rm in e d  
a t  the  e n d  o f  the  e x p e r im e n t  a n d  c o r r e s p o n d  r e a s o n a b ly  well w i th  those  given by 
S c h o t h o r s t  (1968) for  loose,  m e d iu m  c o m p a c t ,  a n d  c o m p a c t ,  s l ightly  h u m ic  s a n d y  soils.
In tw o  s e p a r a t e  e x p e r im e n t s  a  d if ference  in so i l -m o is tu re  levels w as  m a in ta in e d .  In 
the  first e x p e r im e n t  the  p e rc e n ta g e  v o lu m e  o f  w a te r  used  for  the  th ree  scries w as  21 (i. e., 
in all the  series the  a m o u n t  o f  w a te r  w as  the  sam e) .  S ince  the  v o lu m e s  o f  the  s u b s t r a t e s  
( s a n d  - f  w;ate r )  were  iden t ica l  in e a c h  box ,  the  p e rc e n ta g e s  w e igh t  o f  soil m o is tu re  w'ere the  
h ighes t  in series A (1 8 % )  a n d  lowest  in series C  (14% ) .  In p re l im in a ry  e x p e r im e n t s  these  
m o is tu re  levels were  fo u n d  to  be a d e q u a t e  fo r  o p t im a l  g e r m in a t io n .  D u r in g  the e x p e r im e n t ,  
e v a p o r a t e d  w a te r  w as  rep len ish ed  every  24 h o u rs .
In this  first e x p e r im e n t  a d i s t in c t io n  w as  m a d e  be tw een  su r face - ly ing  a n d  b u r ie d  seeds. 
T h e  bu r ied  seeds  were  c o v e re d  w i th  a 3 m m .  th ick  layer  o f  d u n e  s a n d  with  the  s a m e  degree  
o f  c o m p a c t i o n  as  the  u n d e r ly in g  soil layer .  In the  e x p e r im e n t s  w i th  su r face - ly ing  seeds,  the  
seeds o f  P. fanceo/ata , P. major , a n d  P. media  were  lightly pressed  in to  the  soil su r face  
to ach ieve  sufficient seed-soil  c o n ta c t .  T h i s  t r e a t m e n t  w a s  necessa ry  because  the  re lat ively  
large  seeds o f  these  species  on  the  soil su r face  w o u ld  o th e rw ise  have  failed to  g e rm in a te .  
T h e  seeds o f  P. eoronopus a re  m u c h  sm a l le r  a n d  seed-soil  c o n t a c t  is a lw ay s  a d e q u a t e .
As  a  c o n t ro l  for  g e r m in a t io n  in the  series with  b u r i e d  seeds,  seeds  w ere  p laced  on  
wet filter p a p e r  in Petri d ishes  a n d  held in the d a r k  in the  g r o w th  ca b in e t .  T o  ch eck  g e r ­
m in a t io n  in the  series w ith  su r face - ly ing  seeds, the  s a m e  reg im e  o f  16 h o u r s  o f  light a n d  8 
h o u r s  o f  d a r k n e s s  at  a  t e m p e r a t u r e  o f  24"C w'as a p p l ie d  to  seeds  in Petr i  dishes.
T h u s  the  first e x p e r im e n t  w as  p e r f o r m e d  w ith  five p lan t  species,  a t  th re e  levels o f  soil 
c o m p a c t i o n  with  b u r ie d  a n d  w i th  su r face - ly ing  seeds.
In the  s e c o n d  e x p e r im e n t  a m u c h  lo w er  m o i s tu r e  level w as  a p p l i e d ;  the  initial va lue  
for  soil w a te r  was  7.8 p e r  cen t  v o lu m e  ( iden t ica l  q u a n t i t i e s  o f  w a te r  in all boxes) .  T h is  
e x p e r im e n t  with  b u r ie d  seeds  w;as  ca r r ie d  o u t  in the  s a m e  w a y  as  the  first e x p e r im e n t .  A f te r  
e m e rg e n c e  h a d  r e a c h e d  a c o n t a n t  level, the  soil m o i s tu r e  w as  b r o u g h t  to 9 .2 % .  F o r  P. major 
P. media , a n d  Potentilla tabernaemontani the  m o is tu re  level w as  la te r  ra ised  to 10 .4%  a n d  
for  the  first tw o  o f  these  species  s u b s e q u e n t ly  to 11.7%. F inal ly ,  the  w'ater c o n t e n t  w;as 
ra ised  for all species  to the  o p t im a l  o f  21 per  c e n t  vo lum e .
All o f  the  e x p e r im e n t s  were  ca r r ied  o u t  in t r ip l ica te ,  a n d  d ifferences  be tw een  g r o u p s  
o f  rep l ica tes  were  tes ted  with  the  X 2 test o f  in d e p e n d e n c e  o r  F i s h e r ' s  exac t  test.
(b) E x p e r i m e n t s  i n  o p e n  p l o t s  u n d e r  f i e l d  c o n d i t i o n s
T h e se  e x p e r im e n t s  w ere  ca r r ied  o u t  in an  e x p e r im e n ta l  g a r d e n  in the  d u n e  a r e a  o f  
V o o rn e .  T h e  o r ig ina l  h u m ic  soil w as  r e m o v e d ,  leav ing  a  g ro o v e  w ith  a  d e p th  o f  1 m.,  
a w id th  o f  3 in., a n d  a lenght  o f  18 m. T h e  g ro o v e  was  d iv ided  in to  six c o m p a r t m e n t s ,  each  
m e a s u r in g  9 sq .m .  T h e  c o m p a r t m e n t s  w ere  s e p a r a t e d  by c o n c re te  walls.  E ach  c o m p a r t m e n t  
w as  filled w ith  the  s a m e  d u n e  s a n d  as  w as  used  in the  g r o w th - c a b in e t  e x p e r im e n t s  desc r ibed  
a b o v e .  Plas t ic  foil w as  a t t a c h e d  to  the  s ides  o f  the  g ro o v e  to  p re v e n t  c o n t a c t  b e tw een  the  
or ig ina l  h u m ic  soil a n d  the  d u n e  sand .
C o m p a c t i o n  o f  the  soil w as  ach ieved  by r a m m i n g  d o w n  the  s u b s t r a t e  in layers  o f  20 c m . ;  
a f te r  pack ing ,  the  su r face  o f  e a c h  subso i l  was  s c r a p e d  to  give a  h o m o g e n e o u s  soil p r o ­
file. T w o  o f  the  c o m p a r t m e n t s  were  filled w'ith loose  d u n e  s a n d ;  in a  s e c o n d  pa i r  the  soil 
was  b r o u g h t  to  m a x im a l  c o m p a c t i o n  ( p e n e t r o m e t e r  v a lu e :  10 k g / c m 2 on  a  d e p th  o f  2 c m . ) ;  
in the  r e m a in in g  tw o  c o m p a r t m e n t s  t h e ' r e s i s t a n c e  o f  the  soil 2 cm .  b e n e a th  su r fac e  was  
5 k g / c m 2. In  this  w ay  tw o  p lo ts  c o u ld  be c o m p a r e d  w'ith series A, tw o  w ith  series  B, a n d
18
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tw o  w ith  series C  in the  g r o w th - c a b in e t  ex p e r im e n ts .  T h e  g r o u n d - w a t e r  level in the  p lo ts  
w as  a b o u t  70 cm .  be low  the  soil su r face ,  a n d  soil h u m id i ty  in the  to p  layers  d e p e n d e d  
on  n a t u r a l  ra in fa l l .  In each  p lo t  2 x  100 seeds  each  o f  P. m ajor , P. lanceolata , P. coronopus , 
a n d  P. media  w ere  so w n  se p a ra te ly  in A u g u s t  1972; in this  w ay  fo u r  rep l ica tes  pe r  species  
co u ld  be d i s t in g u ish ed .  T h e  seeds  w ere  co v e red  with  3 m m .  o f  d u n e  s a n d  w h ich  w'as given 
the s a m e  degree  o f  c o m p a c t i o n  as  the  u n d e r ly in g  layer.  D u r i n g  the  e x p e r im e n t  the  e m e r ­
gence  a n d  e s t a b l i s h m e n t  o f  seedl ings  were  inves t iga ted .  T h e  p e n e t r o m e te r  va lues  w'ere d e t e r ­
m in e d  ju s t  be fo re  s o w in g  a n d  a t  the  e n d  o f  the  e x p e r im en t .
III. R E S U L T S
(¿/) G r o w t h - c a b i n e t  e x p e r i m e n t s  w i t h  b u r i e d  Plantago s e e d s  a t  a n  o p t i m a l
MOISTURE LEVEL
In this experiment the emergence of  the Plantago seedlings from seeds buried 
in loose (A), moderately  com pacted  (B) and com pacted  dune soils (C) at optimal soil 
humidity was determined. Seedlings were considered to have emerged when the co ty ­
ledons appeared  above the ground .  As can be seen in Figure 1 a-d, the emergence 
of  all studied Plantago seedlings occurred sooner  and in higher numbers  on the loose 
dune soils (mechanical resistance 2 c m .  below the surface < 0 . 1  kg /cm 2) than in 
the other  series. The lowest percentages of  emerged seedlings were found either 
on the soils with the highest degree o f  com paction  (10 kg /cm 2) or on the m ode­
rately com pacted  soils (5 kg /cm 2). At the end of  this experiment the differences 
in total numbers  o f  emerged P. lanceolata seedlings between series A and C were 
significant ( / ;<0 .05) .  F o r  P. lanceolata in particular,  the rate o f  emergence o f  seed­
lings on the com pacted  soils was slower during  this experiment than in the o ther  
series. The differences between the series with the highest and lowest numbers  of  
P. major and P. media seedlings were also significant (/?<0.05).
G erm inat ion  o f  the seeds of  P. major proved to be season-dependent:  in the 
winter under  labora tory  condit ions seeds of  this species showed a lower percentage 
o f  germination,  which was also reported by S a l i s b u r y  (1965) and G r o o t  (1973). 
These au thors  found germination o f  this species to be associated with tem pera ture  
changes and, in general, the do rm ancy  decreases after storage o f  the seeds for more 
than 2 years. Figure 1 c shows the mean results o f  tests carried out in sum m er (s) 
and winter (w).
(b) G r o w t h - c a b i n e t  e x p e r i m e n t s  w i t h  b u r i e d  Plantago s e e d s  a t  a  l o w  m o i s t u r e
L E V E L
The results o f  this experiment are given in Figure 2 a-d. These graphs clearly 
show that,  in con tras t  with the experiment at an optimal moisture level, all Plantago 
species emerged sooner and with higher percentages on the com pacted  than on the 
loose soils. The appearence o f  the first seedlings o f  P. major occurred abou t  5 
days earlier on the com pacted  than on the moderately  com pacted  soils and even
tome 11, n° 3 - 1976
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10 days earlier than  on the loose substrates. P. media emerged abo u t  5 days 
earlier on the com pacted  soils than  on the others. The differences in emergence 
of  the first seedlings o f  P. lanceolata and P. coronopus between the soils differing 
in com paction  were smaller. After 20 days seedling emergence reached a constan t  
level, and at  this time the soil-moisture level was raised to 9 .2  per cent volume.
Plantago lanceolata Plantago coronopus
m
15 days
Plantago major Plantago media
(c) (d)
Fig. 1. — The influence of soil compaction at an optimal soil-moisture level on seedling emergence 
from buried seeds of four Plantago species (mean values of  three replicates).
F o r  P. major the results of  experiments carried out in the sum m er  (s) and the winter (w) 
are given separately.
t  loose soil; penetrometer  value < 0 . 1  kg/cm2;
+  moderately compacted soil; penetrometer  value 5 kg/cm2;
O  compacted soil; penetrometer  value 10 kg/cm2;
A control.
This increase resulted in the emergence o f  more P. lanceolata and  P. coronopus 
seedlings, but the relative differences between the various series remained. The enter- 
gence of  P. major and P. media was less affected by this increase in the soil humidity. 
The graphs in Figure 2 c-d show that  raising of  the soil humidity to 10 .4%  resulted 
in the appearance  o f  more seedlings of  P. media and P. major. After 40 days 
and at 11 .7%  soil moisture, the differences between the series persisted. A t  the
20
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Plantago lanceolata Plantago coronopus
J 00
C7Ìc 
•  —
&50
0 v5
■4
100n
(%)
A/» i i—i i ■ i t » i » i i i r~' i i i i » i i i—f
C  4f\ « C  2010 15
7.8
(a)
25 30
day;
9.2
soil humidity (vol.%)
50
■ i i i i 1 1—i i • i • •
I J0 v5
■4---
10
7.8
(A)
+-+
■o-
+—+
20' 1 1 1 i f '  ' To
________________________________ d a ^ s
9.2
soil humidity (vol.%)
Plantago major
10.4 11.7
soil humidity (vol.%)
t o
Plantago media
- +
■A/1~ i i » i i -^ i i i i i i r t i i i i i i i i i » » i i » »
10 15 20 25 30 35 40
7.8 9.2
da^ s
10.4 11.7
soil humidity (vol. %)
(d)
Fig. 2. —  The influence of  soil compaction at a low moisture level on seedling emergence from 
buried seeds of  four Plantago species (mean values of three replicates).
(Notice: The X-axis is not the same in all four Figures)
•  loose soil (a);
+  moderately compacted soil (b ):
O  compacted soil (c);
▲ control.
end o f  this experiment the differences between series A and  C were significant 
for P. lanceolcitci and P. coronopus (p <  0.005) and between series B and  C for 
P. major and  P. media ( /?< 0 .0 5 ) .
The relatively low percentages o f  emerged seedlings of  P. major and P. media 
are probably  due to the fact tha t  during this experiment the low soil humidity resulted 
in prem ature  death  o f  the seeds o f  these species. W hen the water content  was raised 
to the optimal level (21 vol.%) at the end o f  the experiment,  the results show that  
most o f  the still ungerminated  seeds of  P. lanceolata and  P. coronopus had emerged, 
whereas the other species showed no additional emergence.
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Fig. 3. —  T h e  influence o f  soil c o m p a c t i o n  at  a n  o p t im a l  so i l -m o is tu re  level o n  radicle  em ergence  
a n d  seedl ing  e s t a b l i sh m e n t  f rom  surface- ly ing  seeds o f  fo u r  Plantago species (m e a n  values 
o f  th ree  replicates) .
Solid lines indicate  pe rcen tages  o f  e s tab l i shed  seedl ings,  d a s h e d  lines the pe rcen tages  o f  
radicle  em ergence .
•  [ • ]  loose soil ;
m o d e ra t e ly  c o m p a c t e d  soi l ;
O c o m p a c te d  soil ;
A  con t ro l .
It should be noted tha t  the experiment was started at a soil moisture conten t  
o f  7 .8% ; below this level, no germ inat ion  of  P. major and  P. media took  place. 
In contrast ,  P. lanceolata and  P. coronopus were able to germinate  at a lower mois­
ture level (about  6.0 vol.%).
( c )  G r o w t h - c a b i n e t  e x p e r i m e n t s  w i t h  s u r f a c e - l y i n g  s e e d s  a t  o p t i m a l  s o i l
h u m i d i t y
The results o f  this experiment are presented in Figure 3 a-d, which gives the 
percentages o f  both germinated  seeds and established seedlings. The seeds were 
considered to have germinated when the radicle emerged f rom  the covering struc-
C r  W
tures o f  the seed. Following H e y d e c k e r  (1972), this stage is called radicle emergence.
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The time at  which the radicle grew into the substrate  and the cotyledons became 
visible was taken as the m om en t  of  establishment.  In the case of  P. coronopus 
[Fig. 3 b) it was impossible to distinguish between radicle emergence and  seedling 
establishment because the radicle grew into the substrate  immediately after ger­
mination.  For all species, the highest percentages of  germinated seeds and of  seedling 
establishment were found on the loose soil; the lowest percentages occurred 
significantly on the most  com pacted  substrate. There was, however, considerable 
difference between the four Plantago species.
After sowing of  P. lanceolata at least ten days were required for the emergence 
o f  the radicle. The first seedlings o f  this species became established on the loose 
soils 2 days after the appearance  of germinated seeds; on the moderately compacted 
soils this period came to 4 days and on the com pacted  soils to 6 days. On loose 
soil, 93 % of  the germinated seeds had reached the stage o f  established seedling 
at the end of  the test; on moderate ly  com pacted  and com pacted  soils these values 
were only 50 and 42 %, respectively.
F o r  P. coronopus, it was found tha t  the first seedlings appeared  after 11 days.
The time between sowing and the appearance  o f  the first germinated  seeds 
of  P. major came to 2 or 3 days on all substrates.  The seedlings established th em ­
selves rapidly in all series, 2 or  3 days being required for this process. On the loose 
and moderately  com pacted  soils, all germinated seeds developed into established 
seedlings; on the com pacted  soil this percentage was still 89.
For  P. media, 7 days were required before the first emergence of  the radicle 
was observed on the loose soil; on the moderately  com pacted  soil this time was 9 
days and on the com pacted  soil 1 1 days. On the loose soils the first seedlings became 
established 9 days after sowing and on the moderately  and com pacted  soils 12 and 15 
days, respectively. During this experiment the percentages o f  germinated P. media 
seeds reaching the stage of  established seedlings were 84, 62, and 51 on the loose, 
moderately  com pacted ,  and com pacted  soils, respectively.
For  surface-lying seeds of  all species, the differences found at the end o f  the 
test between the highest and lowest levels o f  established seedlings were significant 
(P. coronopus and P. major p < 0.01; P. lanceolata and  P. media /?<0.005).
(d) E x p e r i m e n t s  w i t h  b u r i e d  a n d  s u r f a c e - l y i n g  s e e d s  o f  Potentilla tabernaemontani
The results obta ined  with buried seeds of  Potentilla tabernaemontani at  an 
optimal soil-moisture level are given in Figure 4 a. These graphs show that the em er­
gence percentages o f  buried seeds on loose dune soils differ significantly ( / ; < 0 .0 1 )  
f rom  those on the com pacted  soils. The rate o f  emergence was also higher on the 
loose soils than  on the com pacted  soils.
The results o f  the experiments with seeds buried at a low soil-humidity level 
are given in Figure 4 b. As for the Plantago series, the experiment was started at a 
soil humidity  o f  7.8 per cent volume. When seedling emergence reached a cons-
2 3
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tan t  level, the soil humidity was increased to 9 . 2 % .  This level was mainta ined from 16 
to 22 days after sowing; a subsequent increase of  the moisture level resulted in the 
appearance  of  more seedlings. In contras t  to similar experiments with Plantago
Potentilla tabernaemontani
( a )
100
£
Zj
50
0
Potentilla tabernaemontani
104
soil humidity (vol.%)
(b)
100
<%)
Potentilla tabernaemontani 
seedlings - - rad ic le  emergence
Fig. 4. — The influence of soil compact ion and soil humidity on seedling emergence, radicle em er­
gence and seedling establishment of  Potentilla tabernaemontani (mean values of three replicates), 
(a) buried seeds at an optimal soil-moisture level;
(¿>) buried seeds at a low soil-moisture level;
(c) surface-lying seeds at an optimal soil-moisture level.
In (a) and (b) the solid lines indicate the percentages of  emerged seedlings; in (c) the solid 
lines indicate the percentages of  established seedlings and the dashed lines the percentages 
of  radicle emergence.
•  0  loose soil;
+  f f l  moderately compacted soil;
O  [o] compacted soil;
▲ control.
seeds, Potentilla emerged sooner on the loose soil than  on the moderate ly  com pacted  
and com pacted  substrates. At the end o f  the experimental  period the differences 
between the total num bers  of  Potentilla seedlings on the loose and  the com pac t  
soils were significant ( / ;<0 .05) .
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The results o f  the tests with surface-lying seeds a t  optimal soil moisture are 
given in Figure 4 c, which shows the radicle emergence and  the establishment o f  
the seedlings. As ior Plant ago, Potent ilia seeds lying on loose soils performed better 
than the seeds lying on com pacted  or moderately com pacted  substrates. The interval
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Fig. 5. —  The influence of  soil compact ion on seedling emergence from buried Plantago seeds 
in experimental plots in the field (mean values of  four comparable  plots). For  the columns 
on the right a distinction was made between newly emerged plants and plants of  the preceeding 
year, the upper part  representing the former and the lower part the latter. The vertical bars 
represent twice the s tandard deviation.
loose soil;
moderately compacted soil; 
compacted soil.
before the first radicles emerged on the various com pacted  soils w'as com parab le  
with tha t  found for P. lanceolata. The interval between radicle emergence and 
establishment o f  the seedlings on the loose soils was approximate ly  2 days, on 
moderately  com pacted  and  com pacted  soils it took longer: 3 and 6 days, respec­
tively. During  this experiment the percentages o f  germinated seeds reaching the 
stage o f  established seedlings were abou t  91, 87, and  60 for the loose, moderately
15/8 21/8 28/8 7/9 14/9 21/9 1SL/5 18/6 15/7
Plantago lanceolata
tome 11, n° 3 - 1976
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com pacted ,  and com pacted  soils, respectively. At the end o f  the experimental period 
the difference between established seedlings on the ioose and  com pacted  substrates 
was significant ( / ;<0 .01) .
(<e) E x p e r i m e n t s  i n  o p e n  p l o t s  u n d e r  f i e l d  c o n d i t i o n s
The results o f  the emergence o f  Plantago species sown in the experimental 
field plots are given in Figure 5 a-d. G rap h s  a and  b show percentages o f  emerged 
seedlings o f  P. Icinceolata and  P. coronopus in 1972 and 1973. Since no seedlings 
o f  P. major and  P. media emerged in 1972, graphs  e and  d  show the percentages 
o f  emergence in 1973 and  1974.
Penetrometer values at depths of : * 20111; x 5cm; AlOcm
40
CN
o
20
0
A B C
a. August 1972 b. September 1974
Fig. 6. — Penetrometer  values, measured at three depths in the field plots just before sowing (August 
1972) and at the end of  the experiment (September 1974). The vertical bars represent twice 
the s tandard deviation. A =  loose soil; B =  moderately compacted soil; C =  compacted soil.
F o u r  days after sowing, 20 % o f  the p lanted  seeds of  P. lanceolata and  a b o u t  15% 
of  P. coronopus had emerged on the plots with the loose soil. On the moderately  
com pacted  soil only emergence o f  P. lanceolata (9 % )  was obta ined  in this time. 
On the com pacted  soil, on average 15% of  P. lanceolata and  5%  of  P. coronopus 
had emerged at tha t  time. Six days later, the emergence of  P. lanceolata and  P. coro­
nopus on all plots reached a level which remained more or less cons tan t  until  the 
end o f  October  1972. In 1972 the highest percentages of  P. lanceolata and  P. coro­
nopus seedlings occurred on the loose soil and  the lowest percentages were found 
on the moderately  com pacted  substrate.  The 1973 results are also shown in 
Figure 5 a and  b , where a distinction is made between plants  present since 1972 
and seedlings originating from seeds sown in 1972 and  emerged in 1973. F o r  P.
^  C r
lanceolata and  P. coronopus, the differences in total num bers  of  living plants  between 
the various plots were approxim ate ly  the same in 1973. This was p robab ly  due to 
the decreasing com pac t ion  in the upp er  layers o f  the moderate ly  com pacted  and 
com pacted  soils.
In 1973 and  1974 significantly more seedlings o f  P. major and  P. media occurred 
on the com pacted  than  on the loose substrates (Fig. 5, c and  d). Initially, P. major
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Ioccurred in very small num bers  on the loose soil; a t  the end o f  1973, this species 
disappeared completely from this substrate  and at  the end o f  1974, P. major was 
only present on the com pacted  soil. On all plots the total num ber  o f  P. media seed­
lings was higher than  tha t  o f  P. major.
The soil humidity  in the experimental plots varied widely (mean value a b o u t  5 
per cent volume in the upper  layers), and  germination generally occurred after 
a spell o f  rainy days.
Penetrometer  m easurem ents  were made twice: just  before sowing and in Sep­
tember of  1974. These m easurements  (Fig. 6 a-b) were made at depths  o f  2, 5 
and 10 cm. at similar soil-moisture levels in 1972 and 1974. At a depth  o f  2 cm. 
the differences between the various plots were nullified in 1974, whereas in all series 
the mechanical resistance at 5 cm. was increased. At a depth  of  10 cm. the original 
degree o f  com pact ion  still existed except in the plots with the loose substrates,  
in which a slight degree o f  com paction  had occurred.
IV. D IS C U S S IO N
Factors  closely related to soil com paction  are the mechanical resistance» 
availability o f  moisture,  aera t ion  and  the tem pera ture  o f  the soil ( E a v i s ,  1972’ 
Scott  R u s s e l l  and Goss,  1974, L i d d l e  and M o o r e ,  1974). Shifts in these factors 
are due to changes in total pore volume (bulk density) and in pore size distr ibution. 
In the present study, mechanical resistance, total pore volume and soil humidity 
were considered as most im por tan t  for the emergence of  seedlings. The o ther  factors 
were not studied separately because the size distr ibution of  the sand particles lay 
within a small range and the seeds were planted on the surface or were covered with 
only a thin layer o f  sand.
The growth-cabinet  experiments  at optimal soil-moisture level showed the 
highest percentages o f  emerged seedlings of  all five species on the loose soils 
(Figs. 1 , 3 , 4  a, and  4 <:•)• The lower percentages o f  emerged seedlings on the com pacted  
soils can be ascribed either to poorer  germ ination  o f  the buried seeds or  to the death  
o f  germinated  seeds before the cotyledons appeared  above ground.  For  the present 
experiments  the rate o f  gas exchange will not  be limiting for germ inat ion  and it 
is likely tha t  the high mechanical resistance in com pacted  soils was responsible 
for  the p rem atu re  death.  This was also reported by A r n d t  (1965) for pea seedlings. 
F o r  surface-lying seeds the unfavourab le  effect o f  soil com paction  was still more 
p ro n o u n ced ;  the differences in total num bers  o f  seedlings between loose and 
com pacted  soils were higher than  for buried seeds. The higher percentages o f  ger­
minated  seeds on the loose soils are probably  due to roughness of  the surfaces of  
these substra tes;  particularly on the loose soils, daily watering caused an increase 
o f  the heterogeneity o f  the surface. H a r p e r  et al. (1965) and  D o w l i n g  et al. (1971) 
reported  tha t  on a rough  surface, some seeds will lie on more  suitable sites than  
others. The longest intervals between radicle emergence and  establishment were
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found for P. lanceolata, P. media and Potentilla tabernaemontani; the roots of  
P. major and  P. coronopus arc more capable  o f  penetrat ing com pacted  soils. On 
com pacted  sandy soils germination and establishment o f  surface-lying seeds of 
P. major occurred sooner  and  in higher percentages than  was the case for the other 
species. Only 2 days were required for the radicle emergence o f  P. major, and  after 20 
days on com pacted  soil 89 % o f  the germinated seeds had developed into established 
seedlings. In contrast ,  more than 10 days were required for the radicle emergence 
o f  P. lanceolata and  after 50 days on com pacted  soil only 42 % had become esta­
blished seedlings. The results o f  the experiments with surface-lying seeds show 
clearly tha t  during  the first stages o f  the life cycle, P. major is better adap ted  to 
com pacted  soils than any of  the o ther  species studied.
The growth-cabinet  experiments with buried seeds at low soil-moisture levels 
showed tha t  the emergence rate and the maximal percentages of  emerged seedlings 
were lower in these experiments than under optimal moisture conditions.  F u r ­
thermore,  in spite o f  the higher mechanical resistance o f  the soil in the com pacted  
series the emergence percentages o f  the Plantago species were higher on these soils 
than on the loose substrates (Fig. 2). These findings indicate that  at low soil-moisture 
levels the small quant i ty  o f  water is more im por tan t  as a limiting factor for ger­
mination and  emergence than the mechanical resistance. Like the highest percen­
tages o f  emerged seedlings, the shortest interval between sowing and  the emergence
W W W 7  W  ^
of  the first seedlings was found on the com pacted  soils. These results must be ascribed 
to the better moisture supply to the seeds in com pacted  soils; the capillary rise 
being better in com pacted  sandy soils than  in loose sandy substrates.  L i d d l e  and 
G r e i g - S m i t h  (1975 a )  suggested that  under  dry condit ions  the growth o f  plants  
may be enhanced by greater availability o f  water in a com pacted  sandy soil. It is 
rem arkable  that  in the low soil humidity  experiments  the most Potentilla taber­
naemontani seedlings were found in loose soils. For  the emergence of  Potentilla 
seedlings, a low moisture level is apparen t ly  less limiting than mechanical resistance 
o f  the soil.
The differences in behaviour  in the experimental plots in the field between 
P. lanceolata and P. coronopus on the one hand and P. major and P. media on the 
o ther  were probably  caused by the combined action o f  the factors o f  mechanical 
soil resistance and soil humidity. The soil humidity  o f  these barren sand plots was, 
in general, very low. Because P. lanceolata and  P. coronopus germinated better than 
P. major and  P. media at low levels o f  soil humidity, it may be supposed that  for 
the latter, also under  these condit ions,  soil humidity  is more limiting for germination 
than  is the case for the former species. This conclusion is supported  by the obser­
vation tha t  the emergence of  P. major and P. media was higher on the com pacted  
than on loose soils because the water  availability is greater  on com pacted  soils. 
The results obta ined  in the experimental plots show that  the mechanical resistance 
was the most im por tan t  unfavourable  factor for the emergence o f  P. lanceolata
2 8
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and P. coronopus. The low levels o f  emerged seedlings on the moderately  com pacted  
soils are possibly due to the com binat ion  o f  two unfavourable  factors, namely 
a certain degree of  soil resistance and a relatively low water availability.
In conclusion, it can be stated tha t  with respect to seedling emergence and 
establishment on soils with a high mechanical resistance P. major is best adap ted ,  
followed by P. media ; P. lanceolata being the least well adapted .  P. coronopus seems 
to be more or less indifferent to mechanical resistance. P. major is very effective 
in penetrat ing com pacted  soils: the establishment o f  its seedlings f rom  surface- 
lying seeds was better than tha t  o f  any o f  the o ther  species. The emergence of  P. major 
and P. media is very susceptible with respect to adverse moisture conditions. This 
may explain the absence of  these species in loose but  dry sandy soils; P. coronopus 
and  P. lanceolata are better adap ted  to these soil conditions.
The trials with buried seeds o f  Potentilla tabernaemontani showed tha t  the 
emergence o f  the seedlings o f  this species is more limited by soil com paction  than  
that  o f  the Plantago species. For  surface-lying seeds, this species appears  to be more 
capable  o f  soil penetra t ion  than P. lanceolata but less so than the o ther  Plantago 
species.
M ost  o f  the present results are in accordance with the occurrence of  these species 
in nature. In sand dunes P. lanceolata is found mainly on grassy, dry or humid  places 
with a loose or moderately  com pacted  soil (i. e., dune grasslands). P. major occurs 
mainly in open habitats  on humic, humid, and com pacted  soils (i. e., paths). 
The typical coastal dune species, P. coronopus, is found on loose as well as on 
com pacted  soils (i. e., open sandy soils and paths). P. media occurs mainly in grassy 
places on moderate ly  com pacted  limestone, loam, or clay soils (i. e., verges in 
grasslands).  In the dunes  Potentilla tabernaemontani is found mainly on sunny 
slopes o f  dry, basic grasslands with a loose or moderately com pacted  soil.
The synecological significance o f  the same species in relation to t ram pling  
and soil com pact ion  will be discussed in a forthcoming paper.
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Effects of trampling and soil compaction 
on the occurrence of some Plantago species 
in coastal sand dunes 
II. Trampling and seedling establishment
C. W. P. M. BLO M  *
SUM M A RYr
E xper im en ts  were p e r fo rm e d  to investigate  the sepa ra te  a n d  c o m b in e d  clTccts o f  t r am p l in g  and 
soil c o m p a c t io n  on the em ergence  and  e s tab l i shm en t  o f  seedlings o f  four Plantago species in coas ta l  
sand  dunes.
An increase in t r a m p l in g  in tensi ty  resulted in a decrease  in e s tab l i shm en t  o f  Plantago seedlings. 
Seedlings o f  Plantago coronopus were  very susceptible  to t r am p l in g  fol lowed by the seedlings o f  
P. lanceolata and  P. media. P. major seedlings were the most  resis tant  to this factor.
On plots in the field as well as in turves  u n d e r  con t ro l led  co n d i t io n s  at a low so i l -mois ture  level, the 
highest  percen tages  o f  emerged  Plantago seedlings were observed  on the c o m p a c te d  soils, especially 
in case o f  P. major a n d  P. media.
Par t icu lar ly  on  c o m p a c te d  soils covered  with a dense  vegeta t ion  the influence o f  o the r  plant  
species caused  a decrease  in the es tab l i shm en t  o f  P. major and  P. media seedlings.
R E S U M E
Des expériences  on t  été faites en vue d ’é tud ie r  les effets séparés  et co m b in és  du p ié t inem en t  et 
de la c o m p a c t io n  du sol sur  la levée et r é tab l i s s em e n t  des planti l les de q u a t r e  espèces de Plantago 
dans  les dunes  sableuses  côtières.
Un acc ro issem ent  de l ' in tensi té  du p ié t inem ent  s'est manifes té  pa r  une réduc t ion  de r é tab l i s s e ­
ment  des plantil les.  Les planti l les de Plantago coronopus sont  pa r t icu l iè rem en t  sensibles au p ié t inement  
suivies des planti l les de P. lanceolata et P. media. Les planti l les de P. major sont  les plus résis tantes  
à ce facteur.
Sur  le te rra in  tout  c o m m e  d a n s  des c o n d i t io n s  con t rô lées  à hum id i té  du  sol faible, les pou rcen tages  
de g e rm in a t io n  sont  les plus élevées sur  sols c o m p ac t s ,  tou t  pa r t icu l iè rem ent  dans  le cas de P. major 
et de P. media.
Plus pa r t icu l iè rem en t  d a n s  le cas des sols c o m p a c té s  couver t s  pa r  une végéta t ion  dense  l ' influence 
des au t res  espèces végétales a freiné l 'é tab l issement  des planti l les de P. major et P. media.
* Ins t i tu te  for Ecological  Research ,  D e p a r tm e n t  o f  D u n e  Research  W eevers ’ Duin .  D u in z o o m  
20 a, O o s tv o o r n e  (The  Nether lands) .
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1. I N T R O D U C T I O N
Recreation and grazing are im portan t  factors which m ay influence the c o m p o ­
sition and development o f  semi-natural vegetation. M any  au tho rs  have reported 
abou t  the effects o f  these factors on the env ironm ent;  surveys o f  this work can be 
found in C r i s p  (1964), T O x e n  (1966), D u f f e y  (1967) and L i d d l e  (1975 c/).
One effect o f  bo th  recreation and grazing is trampling which results in compaction  
o f  the soil. M uch o f  the relevant ecological literature deals with the description of  
changes in floristic composit ion and in soil characteristics, due to trampling (e. g. 
v a n  d e r  W e r f ,  1970; G o l d s m i t h  et a i ,  1970; B u r d e n  and R a n d e r s o n ,  1972). O ther  
au thors  reported abou t  field and laboratory  experiments to determine in m ore  detail 
the effects o f  trampling on plants. B a t e s  (1935) performed trampling  experiments to 
study resistance mainly o f  grasses. L e n e y  (1974) studied the effects o f  trampling on 
the behaviour  o f  some plant  species ; shoot dam age and root com paction  were examined. 
L i d d l e  and G r e i g - S m i t h  (1975 /?) carried out trampling experiments to study the 
shoot dam age o f  Festuca rubra L.  K e l l o m a k i  (1973) applied artificial trampling on 
a woodland ground flora and investigated the changes in cover and biomass o f  the 
plant species present. L i d d l e  (1975 h) dem onstra ted  for a num ber  o f  vegetation types 
a positive correlation between pr im ary  productivity and vulnerability to trampling.
The aim o f  the present series o f  papers  is to show the reaction o f  four Plantago 
species through all the stages o f  their life-cycle to the two factors trampling and soil 
compaction.  In this paper  three series o f  experiments are described investigating the 
separate and combined effects o f  these factors on the establishment o f  Plantago seed­
lings. These experiments were designed to simulate as far as possible the field situation ; 
a strongly com pacted  dune-sand soil is mostly caused by intensive trampling, m odera te  
trampling leads to a moderately  com pacted  soil and in the case o f  extensive trampling 
the upper soil layers are relatively loose. In the first test (1) the four  Plantago species 
were sown in pots  filled with bare dune  sand at various degrees o f  compaction.  In 
this approach  no o ther  plant species was present to influence the Plantago species in 
their reaction to the applied trampling regimes. A second laboratory  experiment (2) 
was designed to investigate the effects o f  trampling regimes on the behaviour o f  the 
Plantago species growing in vegetation. The  species under  study were sown in dune 
grassland turves originating from m ore  trampled or less trampled areas. T o  com pare
the results o f  these tests with the lield situation, in experiment (3) the four Plantago 
species were sown in the dune  area on paths  with compacted  soils, on path-edges
(moderately compacted  soils) and on infrequently trampled places with loose soils.
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2. M A T E R IA L S  A N D  M E T H O D S
( 1) T r a m p l i n g  e x p e r i m e n t s  w i t h  s e e d s  s o w n  o n  b a r e  d u n e  s a n d  s o i l s  u n d e r  c o n t r o l l e d
C O N D IT IO N S
T hese  ex p e r im e n ts  were  ca r r ied  ou t  with  seeds o f  Pfantago major L., P. lanceolaia L., and  
P. coronopus L.. all col lec ted  in a d u n e  g ra ss lan d  on  V o o r n e  (T he  N e th e r l a n d s )  and  with seeds 
o f  P. media L.. f rom  a cha lk  g ra s s lan d  in the so u th e rn  pa r t  o f  T h e  N e th e r la n d s .  T h e  seeds were 
s to red  in enve lopes  a t  r o o m  t e m p e r a tu r e  for 2 years .  O n e  h u n d r e d  seeds o f  each  spccies were 
sown sepa ra te ly  in a po t  (capac i ty  5 1; d ia m e te r  20 cm ) filled with d u n e  san d  (o rgan ic  m a t t e r  
<  0 . 5 ° o) a n d  vary ing  in c o m p a c t io n .  T h re e  series were p re p a re d  using the m e th o d  descr ibed  
by B l o m  (1976):  in series A the soil was  loose, in series C there  was m a x im u m  c o m p a c t io n  
a n d  in series B the c o m p a c t i o n  o f  the soil was in te rm e d ia te  be tw een  A a n d  C. Soil c o m p a c t io n  
was d e te rm in e d  by m e a s u r e m e n t  o f  the soil res is tance  with a p e n e t r o m e te r  (Fig. 1). T h e
m
F i g . 1. — T h e  p e n e t r o m e t e r  ( length  80 c m ;  weight  2 .2  kg). T h e  values  o f  soil res is tance  m en t io n ed  
in the e x p e r im e n t s  with ba re  s a n d y  soils ( e x p e r im en t  1) were m e a su re d  with the flat c o n u s  A 
(d i a m e te r  10 m m ).  T h e  p e n e t r o m e t e r  va lues  o f  the turves  e x p e r im e n ts  (exp e r im en t  2) a n d  o f  
the field p lo ts  ( e x p e r im en t  3) were  d e t e rm in e d  with c o n u s  B (d i a m e te r  10 m m ,  height  20 mm).  
P e n e t r o m e t e r  values  can  be d e t e r m i n e d  up  to 20 cm  below soil surface.
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p e n e t r o m e te r  values (conns  A) at 2 cm be low  the surface  were < 0 . 1  k g / c n r  for series A. 
5 kg c m 2 for series B, a n d  10 kg c m 2 for series C.  T h e  w a te r  p e rcen tag e  by v o lu m e  in the 
three  series was m a in ta in e d  at 21%.  A fte r  sowing,  the seeds were cove red  with a 3 m m  thick 
layer o f  d u n e  sand .  T hese  ex p e r im en ts  were ca r r ied  ou t  in t r ip l ica te  a n d  were p e r fo rm e d  
in a n a tu ra l ly  i l lum ina ted  g re en h o u se  at 25 ±  5°C.  R . H .  6 0 ° o. D u r in g  the ex p e r im e n ts  vertical 
forces were app l ied  to s im u la te  t ram pl ing .  T h e  ind iv idua l  p lan ts  were  “ t r a m p l e d "  with a 
ro u n d  foot,  which was d r o p p e d  on to the p lants .  Im m e d ia te ly  a f te r  sowing ,  the fo l lowing 
t r e a tm e n t s  were s t a r t e d :  series A was t r a m p le d  once  a d a y  with a p ressu re  o f  0 . 0 5  k g /c m 2 
(lightly t r am p led ) ,  series 13 was t r a m p le d  twice dai ly  at 0.  15 kg/ 'em2 (m o d e ra te ly  t r am p led ) ,  
a n d  series C  was t r a m p le d  fou r  t imes a d a y  at 0 . 2 5  kg c m 2 (heavily  t r am p led ) .  In each  t r e a t ­
ment  the force was app l ied  lo r  3 seconds.  F o r  c o m p a r i s o n .  L i d d l e  (1975  c/) a n d  C a n a w a y  
(1975)  found  va lues  o f  m o re  than  0 . 2  kg c m 2 for the vert ical  forces app l ied  to the g r o u n d  by 
a s ta n d in g  m an .
(2)  T r a m p l i n g  e x p e r i m e n t s  w i t h  s e e d s  s o w n  o n  t u r v e s  u n d e r  c o n t r o l l e d  c o n d i t i o n s
In Apri l  1 S>74 th ree  series o f  tu rves  were col lec ted  f rom  the d u n e  g ra ss land  “ De Heve- 
r in g e n "  (V oorne ,  T h e  N e th e r la n d s ) .  O n e  series (A) o r ig in a ted  f rom  an in f requen t ly  t r a m p le d  
a rea  with a relatively loose soil (bulk  dens i ty  I .02 g c m 3; p o re  v o lu m e  63% );  series B c a m e  
from a m o d e ra te ly  t r a m p le d  p a th -ed g e  with a m o d e ra te ly  c o m p a c t e d  soil (bulk  dens i ty  1 .11 ;  
po re  vo lum e  57%) a n d  series C o r ig ina ted  f rom  the m idd le  o f  a p a th  with a c o m p a c t e d  soil (bulk  
dens i ty  1 .3 4 ;  po re  v o lu m e  48%). T h e  turves  were p laced  in w o o d e n  boxes  (30 x 30 x 10 cm ) 
a n d  so i l -m o is tu re  levels were b ro u g h t  to 15%, by v o lu m e ;  which was  the m e a n  va lue  fo u n d  
in the field in spr ing.  A t  this m o is tu re  level, the a m o u n t  o f  w a te r  ava i lab le  for the seeds is 
relatively low because  on the one  h a n d  the seeds were sow n  on  the soil su r face  a n d  on the 
o th e r  because  the h u m u s  c o n te n t  in these soils (o rgan ic  m a t t e r  ca. 4%) is h igher  th a n  in the 
ba re  sand  soils. F o r  3 weeks the turves  were kep t  in a g ro w th  ca b in e t  u n d e r  c o n t ro l le d  e n v i r o n ­
m enta l  c o n d i t io n s :  p h o to p e r io d  18 h o u rs ,  24°C, R .H .  70%. A f te r  this  pe r io d  o f  th ree  weeks 
Plantago p lan ts  were rem oved .  T o  s im u la te  the field s i tu a t io n  ( rabb i t s )  the vege ta t ion  
in the turves  was cut  off  to a height  o f  3 c m ;  this t r e a tm e n t  was repea ted  every fo r tn igh t .
T h e  turves  were d iv ided  in to  tw o  sets, each  set cons is ted  o f  tu rves  f rom  series A, series B 
and  series C. Each t u r f  was sow n with a m ix tu re  o f  P. coronopus, P. lanceolata, P. major a n d  
P. media  (200 seeds o f  each  species);  the seeds were d i s t r ib u te d  u n i fo rm ly  over  the plots .  In 
one  o f  the sets (A , ,  B r  C ,)  no  t r a m p l in g  t r e a tm e n t  was app l ied  (con tro ls ) .  Im m e d ia t e ly  a f te r  
sowing ,  the o th e r  set o f  tu rves  ( A 2, B,. C , )  was t rea ted  with the fo l lowing  artificial  t r a m p l in g  
regimes.  Series A (loose soil) was t r a m p le d  once  a d a y  with  a p ressu re  o f  0 .0 5  kg c m 2, series B 
(m o d e ra te ly  c o m p a c t e d  soil) once  a d a y  at  0.  15 k g / c n r  a n d  series C ( c o m p a c te d  soil) twice 
dai ly  at 0 . 2 5  kg c m 2, he rea f te r  referred to as lightly t r a m p le d ,  m o d e ra te ly  t r a m p le d  and  
heavily t r a m p le d ,  respectively.  T h e  m e th o d  o f  t r a m p l in g  is desc r ibed  u n d e r  sect ion 2.1. In 
c o m p a r i s o n  with the ex p e r im e n ts  with the ba re  sand ,  the t r a m p l in g  p ressu res  in the three  
series were the sam e,  but  the t r a m p l in g  f requencies  app l ied  to the turves  B2 a n d  C ,  were  halved.  
P re l im ina ry  ex p e r im e n ts  with turves  did d e m o n s t r a t e  tha t  with the f requenc ies  used in ex p e r i ­
ment  (1) the Plant ago seedlings a n d  the s u r r o u n d in g  vege ta t ion  died  off  a f te r  a sh o r t  per iod .
D u r in g  the ex p e r im e n ts  (1) a n d  (2) the n u m b e r s  o f  l iving a n d  d ead  seedl ings  were co u n te d .  
Seedl ings were co n s id e red  to have  em erged  w hen  the c o ty le d o n s  a p p e a r e d  a b o v e  g ro u n d  
a n d  ind iv idua ls  were co n s id e red  d e a d  when  the w ho le  p lan t  lacked a n y  green  par ts .  At  the 
beg inn ing  a n d  at the end  o f  the ex p e r im e n ts  p e n e t r o m e te r  va lues  were d e te rm in e d .
(3)  S o w i n g  e x p e r i m e n t s  u n d e r  f i e l d  c o n d i t i o n s
F o u r t e e n  p lo ts  were ch o sen  on  g rass land  in the d u n e  a rea  o f  V o o rn e ,  six o f  th e m  in the 
m idd le  o f  p a th s  ( V , —V ), five p lo ts  on edges o f  p a th s  (M ,  -  M j ,  a n d  three  on sites rarely
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t r a m p le d  by people  (O, — O,) .  Besides t r a m p l in g  a n d  soil c o m p a c t io n ,  o th e r  fac to rs  inc lud ing  
the soil m o is tu re  a n d  the height  a n d  cover  o f  the vege ta t ion  layer can  influence the em ergence
W W J W
a n d  e s ta b l i s h m e n t  o f  seedlings.  T h e  vege ta t ion  on p a th s  in the d u n e  g ra ss land  is most ly  low,^  C. I C- J
a n d  the soil surface  is n o t  ent i re ly  covered  by p lan ts .  T h e  he rb  layer is ta l ler  on the edges o f  
the p a th s  th an  in the m idd le ,  a n d  the en t i re  soil sur face  is covered  by vege ta t ion .  O n  sites 
with loose  soil, r a b b i t s  keep  the vege ta t ion  layer  open  a n d  m os t ly  very low. In c h o o s in g  the 
p lo ts  so m e  divers i ty  in soil m o is tu re  c o n te n t  cou ld  no t  be avo ided .
At the beg inn ing  o f  Apri l  1974, the p lo ts  (30 x 30 cm ) were sow n with a m ix tu re  o f  
P. Icinceolata, P. coronopus, P. major, a n d  P. media (200 seeds o f  each  species) d i s t r ibu ted  
u n i fo rm ly  over  the plots .  Every  fo r tn igh t  d u r in g  6 m o n th s  the loca t ion  a n d  p e r fo rm a n c e  
o f  the  ind iv idua l  p lan ts  were re co rd e d  on a m a p  (scale 1 : 1). C o n t r o l  p lo ts  close to the sown 
plo ts  were s tud ied  to get an im press ion  o f  the s p o n t a n e o u s  a p p e a r a n c e  o f  the Planiago  species.
In all ex p e r im e n ts  the d ifferences  be tw een  g ro u p s  o f  repl ica tes  were tested with the X 2 
test o f  in d e p e n d e n c e  o r  F ishe r ' s  exact  test. In case o f  P. m ajor . seeds o f  ssp. major were  used.
3. R E SU L T S
( 1 ) T r a m p l i n g  e x p e r i m e n t s  w i t h  s e e d s  s o w n  o n  b a r e  d u n e  s a n d  u n d e r  c o n t r o l l e d
CONDITIONS
These experiments investigated the effects o f  three artificial t rampling regimes 
on the emergence and establishment o f  four Planiago species which were sown in pots 
filled with dune  sand at different degrees o f  compaction .  Figure 2 (a-h) shows the 
percentages o f  seedlings, which had survived the treatments,  as well as the percentages 
o f  dead individuals. The total percentages o f  seedlings which had emerged during this 
experiment are given in Table I ; the differences between series A and C are significant 
at the 0 . 5 ()() level for P. Icmceolata and P. coronopus and  at the 5% level for P. major.
T a b l e  I
The effects o f  different trampling regimes on the emergence o f P lan tago  seedlings on hare sandy soils 
(m ean  values o f  three replicate exper im en ts  in percen tages ;  ca lcu la ted  at the end o f  the test with 
reference to the n u m b e r s  o f  sown seeds per species)
Lightly
w  y
tra m pled
A
Moderately 
ira m pled
B
Heavilv
w
tra mpled
C
P. lanceo/ata ....................................... 98 91 87
P. coronopus ........................................ 92 77 72
P. m a jor ................................................ 69 63 60
P. m ed ia ................................................ 61 58 57
The light and m odera te  trampling treatments  (series A and B) resulted in a high 
mortali ty  o f  P. coronopus, whereas all the P. major seedlings which emerged became 
established (Fig. 2 ¿/and ƒ ) .  In the lightly trampled series, the mortali ty  rate was lower 
than the rate o f  emergence; therefore no decrease in total numbers  o f  plants o f  each 
species took place. A heavy trampling regime (series C) resulted in the death  o f  a consi-
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derable num ber  o f  the seedlings of, respectively, P. coronopus, P. Icinceolata, and 
P. media. The decrease in num bers  o f  living P. major plants started 12 days after sowing 
and at the end o f  the test the mortali ty  o f  this species reached to 50%.
Even 3 days after sowing, the differences in numbers  o f  dead P. coronopus indi­
viduals between the series A and C and between the series B and C were significant 
(P <  0.005). After 11 days the differences in num bers  o f  dead P. coronopus plants 
between the lightly and moderately  trampled series also became significant (P <  0.005). 
F o r  P. lanceolcita as well as for P. media significant differences in num bers  o f  dead 
individuals were observed between series A and C, and between B and C after 11 days 
(P <  0.005). Tw o days later, the differences in num bers  o f  dead P. lanceolcita plants 
between the series A and B were significant (P <  0.025). At the end o f  the test the
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. -  T h e  e s t a b l i s h m e n t  o f  Plantago  seedl ings  in artif icially t r a m p le d  po ts  filled with bare  sand  
o f  va ry in g  degrees  o f  c o m p a c t i o n .  G r a p h s  a, c, e a n d  g  s h o w  the p e rcen ta g es  o f  l iving seedl ings  
in re la t ion  to the n u m b e r s  o f  seeds sow n.  G r a p h s  b, d, / a n d  /? p resen t  the p e rcen tages  o f  d ead  
seedl ings  ca lcu la ted  with  re ference  to the n u m b e r s  o f  seedl ings  which  em e rg e d  in the p reced ing  
per iod .  • ,  series A ;  loose soil,  l ightly t r a m p l e d ;  A* series B; m o d e r a t e ly  c o m p a c t e d  soil, m o d e ­
ra te ly  t r a m p l e d ;  ■ ,  series C ;  c o m p a c t e d  soil, heavi ly  t r a m p le d .
num bers  o f  dead P. media individuals found in the lightly trampled series differed 
significantly from those in the moderate ly  trampled series (P <  0.005). F o r  P. major 
the da ta  o f  the heavily t ram pled  series differed significantly from those o f  the lightly 
trampled series after 13 days and  from the da ta  o f  the moderate ly  trampled series 
15 days after sowing (P <  0.005).
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The present experiments clearly show that on hare sandy soils P. coronopus 
seedlings are most sensitive to trampling followed by P. Icmceolcita and P. media 
seedlings. The effects o f  trampling on the behaviour  o f  P. major seedlings are more 
limited: only in the heavily trampled series was mortali ty  observed. All species in 
the heavily trampled series exhibited smaller and fewer leaves. At the end o f  the test 
the penetrometer  values in series A had been raised to about  0 .4  kg cm 2, in series B 
to 8 kg/'cm2 and in scries C to 11 .5 kg c m 2. It was remarkable  that a week after the 
end o f  the trampling treatments,  the soil resistance at 2 cm below surface had decreased 
(A: 0 .2  kg c m 2, B: 6 .5  kg /cm 2, and  C: 10.8 kg c m 2); this was probably  due to the 
mechanical effect o f  root activity.
( 2 )  T r a m p l i n g  e x p e r i m e n t s  w i t h  s e e d s  s o w n  o n  t u r v e s  u n d e r  c o n t r o l l e d
C O N D I T I O N S
These experiments a t tem pt to explore the interaction o f  the surrounding  vege­
tation. the density o f  the soil and various trampling regimes on the seedling emergence
J  I  W  v -  C .  C
and establishment o f  four Plantago species. The species were sown on turves orig inat­
ing from a dune  grassland and collected from an un tram pled  site (series A), a path-edge 
(series B) and from a path  (series C). Table  II presents a description o f  the vegetation 
o f  the turves.
In one set o f  turves (A,, B r  C ,) no trampling regimes were applied in order  to 
study the effects o f  the su rround ing  vegetation and the soil density on the behaviour  
o f  the Plantago species (Fig. 3). In the second set o f  turves (A 2, B2, C 2) three artificial 
trampling regimes were carried out  (Fig. 4).
As illustrated in Table  III, increasing com paction  o f  the soil (A, -> C,) resulted in 
a significant increase in emerged seedlings. Already 8 days after sowing the differences 
between A, and C, in num bers  o f  living plants (Fig. 3) became significant for each 
species, P. lanceolata (P <  0.005),  P. major (P <  0.005),  P. coronopus (P <  0 .005) 
and for P. media (0 .005 <  P <  0.01).  The shapes o f  the curves in Figures 3 a and  e 
dem onstra te  that, in part icu lar  for P. coronopus, the differences in num bers  o f  living 
plants between A, and C, became smaller in the course o f  the experiment.  At the end 
o f  the test the num bers  o f  dead plants observed in series C, were significantly higher 
than those in series A, for P. major (P <  0.005),  P. media (P <  0 .005),  and P. lanceolata
(0 .025 <  P <  0.05).
The light trampling regime caused a high morta l i ty  o f  P. coronopus whereas the 
greater par t  o f  the P. lanceolata plants survived this t rea tment (Figs. 4a , b). The 
relatively high mortal i ty  o f  the P. major and P. media seedlings in the lightly trampled 
turves is caused by the com bined effects o f  trampling and the low soil-moisture level 
(cf. B l o m ,  1976). 49 days after sowing, the differences in num bers  o f  dead individuals 
between the lightly and  moderately  trampled turves became significant for P. lanceolata, 
P. coronopus and P. media (0.01 <  P <  0 .025);  this increase o f  the trampling caused
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revelation analysis (*) performed in the turves collected from a dune grassland. 64 days after sowing (exper iment  2)
T  u r v e s ...................................................................................................... A, a 2 B, b 2 c . C 2
S i t e ............................................................................................................ Loose  soil Loose  soil Pa th -eduew Pai li-ediiew Palli Palli
A rea  ( c m ) ............................................................................................... 30 x 30 30 x 30 30 x 30 30 x 30 30 x 30 30 x 30
f Lichtlv ì f M ode ra le lv  ) f HeavilvI real m e n t .............................................................................................. 41 W /  __ *L t ram p led  ) 1 t r am p led  i 1
W
< ira ni pled
H erb  layer % c o v e r ......................................................................... 70 85 60 ss 90 85
M oss  layer % c o v e r ........................................................................ 30 10 SO 50 15 5
è
A
Tota l  %, c o v e r ..................................................................................... 92 85 99 c)6 97 90 X
M ean  height herb  layer ( c m ) .....................................................w  y 8 6 6 5 7 4
Piantavo lanceolata ........................................................................... 1 j, v 6 j .  v 1 j, v 1 j . v 1 J .  v 0 . 4  j, v m 4
Piantavo coronopns ........................................................................... 1 j, v 0 . 4  j. v 2 j. v 0.  1 j. v 1 j . v —
Plant ago ma ¡(ir................................................................................... 2 j,  v 0 . 4  j. v 2 j. v 0 . 4  j. v 1 J. V 0 . 4  j. v z
Piantavo m e d ia ................................................................................... 1 j. v 2 j . v 0 . 4  j. v 0 . 4  i. v 0 . 4  j. v 0 . 4  j. v
N-/
ir.
flvpnum  cup ressi fo r m e .................................................................... 3 0 . 2 5 4 1 0 . 4
 ^4
m
Tornila ruralis ..................................................................................... 0 . 4 0 . 4 0 . 4 0 . 4 1
i  ^I
3
Cladonia f in c a ta ................................................................................. 0 . 2 0.  1 0 . 2 0 . 2 —
Sedimi acre ............................................................................................ 0 . 4  v 0.  1 v 0 . 4  v 0.  1 v — Z.r\
Festuca rubra ....................................................................................... 0 .  1 v --- 2 v 1 V 2 v 1 V
A renaria serp vili folia ........................................................................ 0 . 4  v 0 . 2  v 0 . 2  v 0 . 4 v \r.v— i
Aerosi is tenuis ..................................................................................... —* 1 v 2 v 0 . 4  v 2 v
~ »
Si d iaria  m edia .................................................................................... 0 . 2  j 0 . 2  j 0 . 2  j ---
Rume.x acetosella ................................................................................ 1 kn, v 0 . 4  v 0 . 4  v. kn \r.
Poa a n n u a ............................................................................................. — --- — 3 v. Il 5 v. Il
Luzula cam prestris ............................................................................ — --- 0 . 4  v 1 V /
Bromus m o llis ...................................................................................... — --- 0 . 2  kn 0.  1 v %
Polvtrichium juniperinum ............................................................... --- 0 .2 0 . 2
1'rifolium dubium ................................................................................ — 0 . 4  v 0 . 2  v ---
A ira pracco x ........................................................................................ 0 . 1 v 0.  1 v
-------
Addenda:  (A,) llieracium pilose/la 0. I v: Erodium cicutarium  0 .4  v; Care.x arenaria 0. I v: Lo/ium perenne 0. 1 v: I ieia latliyroides 0. I v: 
(B,) Cerastium arvense 0.1 v: Anthoxanllium odoratum  0 .2  v; Cerastium holosteoides 0 .4  v : (C ,) Lotus corniculatus 0. I v; (C2) Taraxacum  
erythrospermum  0 . 2  v.
(*) symbols (following L o n d o ,  1975): 0.1.  basal coverage 1°,,; 0 .2.  basal coverage 1-3",,; 0 .4.  basal coverage 3-5%; 1, basal coverage 
5-15°,,: 2. basal coverage 15-25°,,: 3. basal coverage 25-35°,,: 4. basal coverage 35-45%: 5. basal coverage 45-55%: 6. basal coverage 55-65%. 
j, most of  the plants are juvenile: v. most of  the plants are vegetative; kn. plants with buds; II. flowering plants. -j
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A,. LOOSE SOI!
a Plantago lanceolata x P coronopus oRmajor •Rmedia
F ig . 3. — The establishment of Plantago species in untrampled turves originated from an untrampled 
site (A,), a path-edge (B,) and the middle of  a path (C ,) in a dune grassland on Voorne (The 
Netherlands). Graphs a, c and c show the percentages o f  living plants in relation to the numbers 
o f  seeds sown. Graphs b. d and ƒ  present the percentages of  dead individuals calculated with 
reference to the numbers of  seedlings which emerged in the preceding period.
4 2 CEcologia Plant arum
A 2 LOOSE SOIL.
LIGHTLY TRAMPLED
/ \
% living plants
/ \
nil*
C COMPACTED SOIL 
HEAVILY TRAMPLED A % dead
100 -
87
me
87
49
35 days
me
Plantago lanceolata xPcoronopus P major P media
F i g . 4. — The establishment of  Plantagu species in artificially trampled turves originated from an 
untrampled site (A,), a path-edge ( B j  and the middle of  a path (C,) in a dune grassland on Voorne 
(The Netherlands).  Graphs  a. c and e show the percentages of  living plants in relation to the 
numbers of  seeds sown. Graphs  b. cl and / 'present the percentages of dead individuals calculated 
with reference to the numbers of seedlings which emerged in the preceding period.
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only a small increase in dead P. major seedlings (Figs. 4 h, cl). Three  weeks after sowing 
most o f  the P. coronopns and  P. lanccolaia seedlings had already succumbed to the 
heavy trampling regimes in series C\ {Figs. 4 e , f ) .
At the end o f  the test significant differences in num bers  o f  dead plants between 
the lightly and heavily trampled series were observed for P. lanccolaia and P. media 
(P <  0.005). At that time P. coronopns and P. major showed no significant differences 
between these series. This was because the greater num ber  o f  the plants  o f  P. coronopns 
died off 'already in the lightly trampled turves, and because increasing trampling was 
not followed by a noticeable increase in num bers  o f  dead individuals o f  P. major.
C om parison  o f  the results obta ined in the trampled series with those o f  the equi­
valent controls  dem onstra tes  that, at the end o f  the test, the num bers  o f  seedlings 
which had emerged were, in general, significantly the highest in the controls  (Table III). 
Only for P. lanccolaia and P. media, the emergence and num ber  o f  living plants in 
the lightly trampled turves were significantly higher than in the controls.
T A B 1.1: . . .
The d i a l s  t>l different trampling regimes on the emergence o f  P lan tag o  seedlings 
on inrve.s originated from a dune grassland on I oornc (The  N e th e r lan d s )
The to la l  n u m b e r s  o f  seedl ings which had em e rg e d  have  been ca lcu la ted  f rom the n u m b e r s  o f  l iving and  
d e a d  secdliivjs i /■'/"% '  ;md 4i .md ire >jiven as a p e rc e n ta g e  o f  the  n u m b e r s  o f  sow n  seeds per  species
U n t ram  pled 
loose soil
A,
Lightly 
t r am p led  
loose soil
A ,
U n t r a  in pled 
m odera te ly  
c o m p a c te d  
soil
B,
M odcra tcK 
t ram pled  
m odera te ly
m
c o m p a c te d
soil
B,
U n t r a  nip led 
c o m p a c te d  
soil
c ,
Heavily 
tra in pled 
c o m p a c te d  
soil
c 2
P. lanccolaia ................... 87 *>4 ~>9 s 7 V S ">4
P. coronopns ................... ^8 10 4
9  m. •
50
I
8 5
P. m a jo r ........................... 4 2 .5 10 48 V) 89
V 9 •  *
67
P. m e d ia ........................... 26 V . ^ 34 ->o 70 ">7 5
As com pared  with the controls  all species showed a higher mortali ty  in the 
trampled set o f  turves. Between the series B, and B2 the first significant differences 
were observed for P. coronopns after 35 days (0 .025 <  P <  0 .05),  for P. lanccolaia 
after 49 days (0 .025 <  P <  0 .05),  for P. major after 64 days (P <  0 .005)  and for 
P. media at the end o f  this experiment (P <  0.005). Between the series C, and C, 
significant differences in num bers  o f  dead plants  were found for each species from 
21 days after sowing (P <  0.005).
The  high num bers  o f  dead plants in the trampled set o f  turves must be ascribed to 
the trampling factor;  the com parison  between the series B, and B, shows that 
P. coronopns especially is m ore  susceptible to trampling  than the o ther  species. 
M oreover  the results ob ta ined  in the trampled turves clearly dem onstra te  that P. major 
and P. media seedlings are more resistant to trampling than the seedlings o f  P. lanccolaia 
and P. coronopns. It was observed that the death  o f  seedlings was caused by dam age  
to the first leaves.
4 4
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Table II gives an indication o f  the reaction o f  o ther  plant species to trampling 
and soil compaction.  F o r  example, StcHavia media does not grow in turves B2, C, and 
C 2 and Tnfolium cluhium only in turves B, and B2. whereas Poa annua appeared to be 
very resistant to trampling and soil compaction.
During  this experiment the mechanical soil resistance in the untrampled  turves B, 
and C, has decreased (Table IV); probably  the soil had been loosened by the roots. 
The trampling regimes in series A 2 and B, caused an increase o f  soil compaction 
whereas in series C 2 a decrease in soil resistance was observed. Due to the optimal 
conditions in the growth cabinet,  the vegetation cover in turves C\ was very dense. 
C om pared  with the paths  in the held the increase o f  the root growth in turves C 2 
caused, in spite o f  heavy trampling, a decrease in soil compaction .  In the field the 
penetrom eter  values were also measured in August 1974. On the paths and on the 
path-edges no differences were observed as com pared  with the April values; only 
on the scarcely trampled sites (A) had the penetrom eter  values increased to 
7 .6  +  2 .2  kg /cm 2.
--------  C  I
T a b l e  I V
Penetrometer values (kg c m ’) with conus B (see Fig. I ) at 5 cm below the soil surface o f  the turves (e.xpe- 
rimeni 2). The soil resistance was determined before and at the end o f  this experiment (mean values 
of ten measurements with s tandard deviation)
T urves A, B, c, A,4» B2 c 2
Before.................... 4 .2  ±  1.9 11.0 ±  3 .2 19.4 ±  4 .6 2 .9  ±  0 .8 9 .8  ± 2 . 4 20.0 ± 2 . 8
E n d ......................... 4 .2  ± 0 . 6 9 .2  ±  2 .2 14.2 ±  4 .0 6. S ± 1 . 2 13.8 ±  2 .4 16.6 ±  2 .6
A,, untrampled, loose soil : B,. untrampled, moderately compacted soil: C,. untrampled.
compacted soil; A,, lightly trampled;  B,. moderately trampled;  C 2, heavily trampled.
The turves experiments were repeated three times. In spite o f  the fact that the 
o ther  tests were carried out  with o ther  turves, the results were in principle similar 
to those described above.
(3 )  S o w i n g  e x p e r i m e n t s  u n d e r  f i e l d  c o n d i t i o n s
The aim o f  this experiment was to obtain  information on the effects o f  trampling, 
soil com paction ,  soil moisture  and competi t ion  from surround ing  vegetation on the 
emergence and establishment o Ï Plant ago seedlings in the field. Table  V shows the da ta  
o f  some environmenta l  factors related to the total percentages o f  P/antago species 
which had emerged and  which had succumbed during  the test. Seeds o f  P. lanceolata 
and P. coronopus were able to germinate  on un tram pled  sites with a loose, dry soil. 
On the path-edges significantly m ore  plants  o f  P. lanceolata occurred than P. coro­
nopus, P. major and  P. media p lants  (P <  0.05).  All four species but particularly 
P. major occurred m ore  frequently on the trampled plots than on the o ther  sites. With 
reference to the num bers  o f  sown seeds per species on sites V, and V5 more  P. lanceolata 
had established than the o ther  species at the end o f  the test. Site V(i showed most
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Som e environmental factors relating to the emergence and mortality  
of  P la n ta g o  seedlings from seed sown in plots in the dime area on Voorne (The  N e the r lands )
Pl
ot
M
ea
n 
he
ig
ht
 
ve
ge
ta
ti
on
W ( 
c m 
)
ftww
I—rj**O
o
M
ea
n 
pe
ne
tr
om
et
er
 
va
lu
es
 
± 
S.
E.
 
at 
a 
de
pt
h 
of 
5 
cm
 
( k
g/
cm
2)
T 
ra 
m
pl
in
g 
in
te
ns
ity
 
(*
)
Soil moisture 
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o , 0 0 0 .9  ±  0 .4 — 1 . 1 6 .5 4 .4 21.5 (32.5) 16.5 (54.5) 5 (100) 2 (100) r\À•
o 2 5 50 5 .6  ± 2. 1 - 2.0 7.5 4 .2 24.5 (24.5) 7 (55.7) 0 0 •
0 3 0 0 1 . 7 ±  0 .9 — 3.0 16. 1 9 .9 17.5 (22.9) 16 (18.7) 2 ( 25 ) 0 .5  ( 0) •
M, 15 100 10.8 ±  2.3 ± 4 .4 39.4 13.7 17.5 (51.4) 0 1 (100) 3 ( 50) •
M, 15 90 14.4 ±  2 .4 ± 11.6 46.4 27. 1 17 (47.1) 6.5  (84.6) 1 (100) 0
M, 10 100 6 .6  ±  1.3 ± 42.8 104.2' 70.8 19.5 (76.9) 16 ( ¡00) 2 (100) 0.5  (100) /•s
M, 10 100 4 .5  ± 1 . 5 ± 50.8 136.8' 93.5 42 (72.6) 45 ( 100) 11.5 (100) 6.5  (100)
M,•r 10 100 5.2  ±  1.7 ± 34.6 95.5 60. 1 12 (70.8) 2.5 (100) 8.5  (94.1) 2.5  (100)
V, 7 85 17.1 ±  2 .0 + 0. 1 15.2 7.7 10.5 (42.8) 5.5 (100) 1 (100) 1.5 (66.6)
V 2 5 70 26.8  ±  6 .2 +  + 20.5 60.4 43.4 22.5 (64.4) 25.5 (76.4) 11.5 (69.6) 2 ( 100)
V, 5 70 31.1 ± 8 . 8 +  + 1 1 .9 75.0 39.2 10.5 (38.1 ) 4 .5  (100) 21 .5 (60.5) 1 (100)
V4 2 40 21.0 ±  5 .8 +  +  + 20.5 76.4 38.7 52 ( 74 ) 89 (87.6) 99.5 (95.5) 24.5 (79.6)
V, 3 50 22.5 ±  3 .6 + +  + 23 2 41 .4 31 .4 50 (61 ) 9 5 (90.5) 85.5 (86.6) 20 ( 80)
v fc 3 40 17.8 ±  1.9 +  +  + 45.3 104.3' 93.3 24 (83.3) 51 (97.1) 71 (80.3) 5.5 (90.9)6
(*) S y m b o ls :  t r a m p l in g :  — a b se n t :  ±  so m e t im e s ;  +  m o d e r a t e ;  + +  ra th e r  f r eq u en t ;  +  +  +  very frequent .
(**) Em erged  seedlings expressed  as percen tages  o f  sown seed. Between b racke ts :  dead  p lan ts  ('*„) ca lcu la ted  with reference to the total  n u m b e rs  
o f  seedlings which  had  em erged  d u r in g  the test (A p r i l -O c to b e r  1974).
' w a te r  table +  I cm at the end  o f  O c to b e r  1974.
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P. major, whereas on site V, more P. lanceolaia and P. major were found than the other 
species. O n  sites V2 and  V4 m ore  P. lanceolaia and P. coronopus has emerged than 
P. major and  P. media. These differences are all significant at the 5% level.
In these field experiments the occurrence o { Plant ago was dependent  on the effects
o f  a complex o f  partly unknow n factors, including the num bers  o f  Plantago seeds
already present in the plots at the start  o f  the research period, the num bers  o f  seeds
migrating into a plot, and  the num bers  o f  seeds that d isappeared from a plot during
this period. C ontro l  plots were investigated to get an impression o f  the seedlings
naturally  present on sites com parab le  with the sown plots. It appeared  that few
P. lanceolaia p lants  were present in the vicinity o f  any o f  the experimental plots, some 
P. coronopus plants occurred in the immediate surroundings o f  plots M 2, M r  V2, V,
and P. major grew sparsely near  plots V 3, V 5 and Vh.
The  com bined effects o f  trampling, com paction ,  moisture  level, fluctuations in 
soil moisture  and  competi t ion  are im portan t  for the occurrence o f  a plant. In c o m p a ­
rison with the o ther  species, P. lanceolaia was most  tolerant o f  the factors indicated 
in Table  V.
4. D IS C U S S IO N
Tram pling  and soil com pact ion  are im portan t  ecological factors which influence 
the occurrence o f  Plantago species in coastal sand dunes. In the field the mechanical 
com paction  o f  the soil is often caused by trampling. U n d e r  natural  conditions, it is 
very difficult to distinguish the separate  effects o f  these two factors on the germination,  
emergence and establishment o f  the seedlings and on the o ther  stages in the life-cycle 
o f  plants. Experiments are described to study the relative and combined effects o f  soil 
com paction  and  tram pling  on the early stages in the life-cycle o f  Plantago species. In 
the tests with the bare, d a m p  sandy soils the highest num bers  o f  emerged seedlings 
were found on the loose substrates  (Table I). In the un tram pled  set o f  turves with 
the relatively low soil-moisture levels it was observed that  the increase o f  soil c o m ­
paction resulted in an increase in emergence o f  the Plantago seedlings (Table III). 
These results confirm previous observations ( B l o m ,  1976). H a r p e r  et al. (1965) 
found that  com paction  causes an increase in emergence o f  P. lanceolaia, P. major 
and to a lesser extent,  P. media ; L i d d l e  and G r e i g - S m i t h  (1975 /)) dem onstra ted  
a positive response in growth o f  Festucci rubra to soil compression. In relatively dry 
sandy soils the positive correla t ion between com pact ion  and seedling emergence 
must be ascribed to a better  water  availability in com pacted  soils than  in loose substrates. 
The increase in water  holding capacity with soil com pact ion  was also discussed by, 
for example, L i d d l e  and  G r e i g - S m i t i i  (1975 a) for dry sandy dune  soils and  by 
K r ü g e r  (1970) for diluvial loamy sand and alluvial m eadow  soil.
47
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The effects o f  trampling on the occurrence o f  plant species are dependent  on the 
intensity o f  the trampling regimes as well as on the condit ions o f  the soil, the season 
o f  the year ( E d m o n d ,  1962, 1963) and the composit ion  and cover o f  the surrounding  
vegetation. Fur therm ore ,  light or m odera te  trampling can increase the micro patterns  
o f  soil factors which results in an increase in the diversity o f  plant species ( v a n  L e e u -  
w e n ,  1966. W e s t h o f f ,  1967. and v a n  d e r  M a a r e l ,  1971). In the experiments with 
the bare sandy soils, described in this paper, the total emergence o f  the Plantago 
seedlings from buried seeds seems not to be reduced by the trampling regimes (cf. 
Paper I and Table  I). Only effects, due to trampling, on the establishment o f  the seed­
lings were observed (Fig. 2). The results presented in Figures 3, 4 and Tables III and V 
dem onstra te  that the effects o f  trampling on the occurrence o f  P/aniago seedlings 
growing in vegetation, are more complicated. In the turves experiments the light 
trampling resulted in many living P. Icmceolatci and  P. media p lants  (Fig. 4 a). A p p a ­
rently. the relatively large seeds o f  these species were pressed into the soil bv the light
%
trampling, which resulted in a better seed-soil contact  and thus m ore  seeds germinated 
(Table III). It is likely that these effects are more limited in the case o f  smaller seeds. 
The low calculated values o f  emerged P. lanceolata and  P. coronojms seedlings 
(Table I I I ) in the heavily trampled turves ( C j  indicate that these species died off at a very 
early stage in their life-cycle. In the turves experiments the emergence as well as the 
num bers  o f  living plants  o f  P. major increased with an increase in the trampling inten­
sity (Table III and Fig. 4). In part icu lar  for P. major and P. media the death  o f  the 
seedlings growing in the heavily trampled turves must be ascribed to the combined 
effects o f  trampling and the influence o f  o ther  plant species (cf. Figs. 3 and 4). The 
relatively high percentages o f  dead individuals in the un tram pled  turves C, must be 
a t tr ibuted  to com peti t ion ;  P. major and P. media seem to be m ore  influenced by this 
factor than the o ther  Plantago species. P robably  the competi t ion  pressure from the 
surrounding  vegetation is lower in the loose than in the com pacted  soils. This can be 
explained by the fact that when turves (thickness 10 cm) were collected the roots  in 
the loose soils were more dam aged  than those in the com pacted  soils; plants  growing 
in a loose substrate  possess longer roots than those growing in a com pacted  soil (cf. 
S c h u u r m a n ,  1971). Fur therm ore ,  the water availability in com pacted  soils is better 
than in loose substrates, which leads to a better plant growth,  and thus to m ore  com pe­
tition in the turves with com pacted  soils (see Table  II, cover o f  the herb layer).
Clearly, the results obta ined  in the sowing experiments in the field are reflections 
o f  the effects o f  several environmental  factors. These results showed an increase in 
emergence o f  all species at increasing trampling intensity and soil com pact ion  (Table V). 
On the plots with a relatively dry soil, no noticeable emergence oi'P. major and  P. media 
seedlings took place (cf. B l o m ,  1976). Fewer P. lanceolata plants succumbed on paths 
than would be expected from the o ther  experiments (Figs. 2 and 4). T he  fluctuating 
trampling intensity p robab ly  increased the survival o f  P. lanceolata seedlings. Some 
indications exist that, under natural  conditions,  the establishment of' P. lanceolata from 
sown seeds is m ore  succesful than in case o f  o ther  Plantago species (e. g. S a g a r  and
4 8
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H a r p e r , I960). P. coronopus occurred mostly on the incompletely covered sites. The 
highest numbers  o f  living P. major seedlings were found on trampled and d am p  plots. 
On these plots the influence o f  o ther  plant species was probably  lower than on the 
greater part  o f  the o ther  plots;  the surface was not entirely covered by vegetation. 
In the field P. media was found in the least num bers ;  this species does not occur naturally 
in sand dunes. The  results obtained in the field plots dem onstra te  a higher resistance 
to trampling for the P. major seedlings than for the seedlings o f  P. coronopus.
In ecological literature P. major, P. lanccolaia and P. coronopus are often given 
as indicator species for trampling. The observations described in this series o f  papers 
prove that an experimental approach  is necessary to understand the direct and indi­
rect effects o f  trampling (e. g. through dam age  to plants  and through soil compaction).  
Fur therm ore ,  it is im portan t  to distinguish the effects o f  trampling and o f  soil c o m ­
paction on the emergence and establishment o f  seedlings and on the o ther  stages in 
the life-cycle o f  plants. T ram pling  strongly decreased the establishment o f  P. coronopus 
seedlings, whereas in the field this species occurs regularly on heavily trampled sites. 
This contras t  must be explained by the fact that the germination o f P. coronopus seeds 
occurs mostly in early spring and in a u tu m n ;  in these seasons the trampling intensity 
by people or cattle is. in general, very low or even zero. Fur therm ore ,  seedlings o f  
P. coronopus are often observed in gaps between stones where they are protected 
against trampling. The  roots  o f  P. coronopus seedlings are very capable o f  penetrat ing 
com pacted  sandy soils ( B lo m ,  1976). It is possible that older plants o f  this species are 
more  tolerant o f  trampling. In a forthcoming paper  the reaction o f  older Plantago 
plants to trampling and soil com paction  will be discussed.
In conclusion it can be stated that the emergence o f  Plantago seedlings is influenced 
by the degree o f  soil com paction  in relation to the soil moisture level (Paper I). The 
capacity o f  the seedlings for establishment depends on the trampling intensity. P. coro­
nopus seedlings are very susceptible to trampling, followed by the seedlings o f  P. lan­
ccolaia and P. media. The resistance to trampling appears  to be the highest for P. major 
seedlings.
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SUMMARY
(a ) The germination of P/antago lanceolata L.. P. coronopus L., P. major L. ssp.m<//7»\ P. major L. ssp. 
plciospcrma Pilger. P. media L.. and P. maritima L. in relation to the age of dry-stored seeds was 
investigated under laboratory conditions. In general, higher percentages of radicle emergence were 
found with two- to five-year-old seed than with fresh seed.
Only P. lanceolata and P. media seeds germinated in complete darkness. A feature of interest was the 
high germination of both subspecies of P. major in so-called green safelight.
(b) The germination and early establishment were tested on various microsites, obtained with glass 
beads of various sizes. At increasing particle size, an increase in radicle emergence was found for large 
seeds ( P. lanceolata and P. media). Root penetration of the surface occurred sooner on substrates of 
large particles than on those of small ones.
The effects of size of the glass beads on germination and penetration were less in species with small 
seeds than in species with large seeds.
(c) Sowing tests in the field resulted in relatively high numbers of established P. lanceolata and P. 
coronopus seedlings in open and dry habitats. P. lanceolata seedlings were able to establish themselves 
in tall dense vegetation layers. P. major ssp. major occurred most frequently on moist and open sites 
with a compact soil. On trodden paths P. major and P. coronopus seedlings showed opposite mortality 
curves.
1. I N T R O D U C T I O N
Within the scope o f  a s tudy on the effects o f  t ram pling  and soil com pac t ion  on the 
behav iour  o f  some Plantago species dur ing  the various stages o f  their life-cycle 
( B l o m  1976, 1977) a n u m b er  o f  experiments  was perform ed with the aim o f  
analysing the germ inat ion  capacity  (the emergence o f  the radicle) and the em er­
gence and  es tab l ishm ent  o f  seedlings under  labora to ry  and  field conditions.  
S t e i n b a u e r  &  G r i s b y  ( 1957), S a g a r  &  H a r p e r  (1960. 1964), S a l i s b u r y  (1965), 
G r o o t  (1973), and  A r n o l d  (1973) have already reported  on germ inat ion  of 
Plantago species. M ost  o f  these experiments  were carried out  with fresh seeds. 
U nder  na tu ra l  condit ions ,  however, the seedbank o f  a soil consists o f  seeds of  
different age. In the present paper  (in 3.1.) an impression will be given o f  the 
influence o f  age o f  dry-s tored  seeds on the germ inat ion  o f Plantago lanceolata L.,
*- Effects of trampling and soil compaction on the occurrence of some Plantago species in coastal sand 
dunes. Publ. No. 111 
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P. coronopus L., P. major L. ssp. major, P. major L. ssp. pleiosperma Pilger, P. 
media L., and  P. maritima L. Besides tests perform ed in light and complete  
darkness,  experiments  were carried out  with seeds exposed to shor t  periods o f  dim 
daylight. The  ecological background  for this ap p ro ach  is that ,  under  certain 
conditions,  seeds may be exposed to small quanti t ies  o f  daylight  which can result 
in germ inat ion  ( W e s s o n  &  W a r e i n g  1969a). S imultaneously  a germ inat ion  test in 
darkness  was designed in which seeds were exposed tem porar i ly  to dim green light, 
since quite a n u m b er  o f  described germ ination  experiments  are perform ed  under  
such conditions.
In previous papers  ( B l o m  1976, 1977) some a t ten t ion  was paid to ecologically 
im por tan t  differences between species in the stages o f  radicle emergence, seedling 
emergence, and seed ling establishment.  As shown by D o w l i n g  et al. ( 1971) and by 
O o m e s  &  E l b e r s e  ( 1976) the germ inat ion  capacity depends  on a sufficient con tac t  
between seed and  soil water,  which is influenced by the degree o f  soil com pac t ion  
( B l o m  1976, and  P a t h a k  et al. 1976). The  availability o f  suitable microsites is also 
crucial for the process o f  seedling establishment ( H a r p e r  et al. 1965). The  effects 
o f  various microsites on the radicle emergence and  those o f  different particle sizes 
o f  the substra te  on the early es tablishment o f  four Plantago species varying in the 
size o f  their seeds will be described in 3.2 o f  this paper.
In paper  II o f  the series on t ram pling  and  soil com pac t ion ,  a n u m b er  o f  sowing 
experiments in the field were described; the final percentages o f  established 
seedlings as well as the percentages o f  seedlings which succum bed were given 
( B l o m  1977). However,  the aspects o f  the es tab lishment o f  seedlings dur ing  the 
course o f  the experiment have not  been described. This  aspect will be discussed in 
relation to the ecological significance in 3.3 o f  this paper.
2. M A T E R I A L S  A N D  M E T H O D S
2.1 L a b o r a t o r v  g e r m i n a t i o n  t e s t s
Seeds o f  Plantago lanceolata. P. coronopus, P. major ssp. major, and  P. major ssp. 
pleiosperma were collected on the “ Heveringen",  a sem i-natura l  grassland in the 
dune  area o f  V oorne  (The Netherlands) .  The  first two species cam e from a dry site 
and both  subspecies o f  P. major f rom a moist  one. P. maritima seeds were collected 
on the k*Kwade H o e k " ,  a beach Hat on the island o f  Goeree.  P. media seeds came 
from a popu la t ion  occurr ing  on a chalk grassland in the sou the rn  par t  o f  The 
N ether lands  (G erenda l ,  province o f  Limburg).  All seeds were s tored in envelopes 
at room  tem pera ture .  T he  germ inat ion  tests were carried out  in germ inat ion  
cabinets  at tem pera tu res  o f  15, 20 and  25 C as well as in the greenhouse (25 
± 4  C). A f luctuating tem pera tu re  regime o f  15-25 C ( 12 hours  each) was also 
applied. The  seeds which were placed on constan t ly  wet filter paper  in closed Petri- 
dishes, were considered to  have germ inated  when the radicle emerged from the 
testa (radicle emergence). T he  effect o f  the age o f  the seeds on germ inat ion  was 
investigated under  light (pho tope r iod  18 h) and  da rk  condit ions.  In tests in the 
da rk  a distinction was m ade  between total  darkness  and  two minutes  o f  faint light 
a day. F u r th e rm o re ,  tests were perform ed in which seeds incubated  in the dark
were exposed (two m inutes  a day  ) to green safelight. This  light was ob ta ined  from a 
green m o n o p h o s p h o r  fluorescent tube (Philips TL40, co lour  17), w rapped  in a 
layer o f  blue “ c in em o id ” No. 62 and  a layer o f  orange-yellow “ c inem oid"  No. 46. 
(Emission m ax im u m  at 520 nm, half-width 27.5 nm, estimated intensity at dish 
level 0.7 // W cm 2).
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2.2 R a d i c l e  e m e r g e n c e  a n d  e a r l y  e s t a b l i s h m e n t  o n  g l a s s  b e a d s  o f
O '  »  ^
v a r y i n g  s i z e
These experiments  were carried out  with seeds o f  which the size decreased in the 
o rder  P. lanceolata, P. media, P. major ssp. major, and  P. coronopus. All seeds 
originated from sites described under  section 2.1 and  were stored in envelopes for 
three years at room  tem pera ture .  The  tests were performed in plastic boxes which 
were placed in a g row th  cabinet  under  a pho tope r iod  o f  18 hours  at 24 C .F o u r  
series were prepared .  Boxes were filled with round  glass beads o f  a d iameter  
varying between 0.01-0.05 m m  (I), 0 .17-0.25 mm (II), and  o f  0.89-1.23 m m  (III).  
As a reference (IV) boxes were filled with dune  sand (0.05-1.0 mm, median 0.19 
m m ). Before sowing, the dry substrates  were b rough t  to maximal density by means 
o f  a horizonta l  v ibration at a high frequency. Each species was sown in five rows of  
ten seeds on the surface o f  each substra te ;  the experiments were carried out in 
triplicate. D ur ing  the tests the so i l -m ois tu recon ten t  was m ain ta ined  at 21 percen t  
by volume. T  o ensure a high humidity  the boxes were covered with a plate o f  glass 
four centimetres  above  the surface. The  final percentages o f  germ inated  seeds, o f  
succum bed individuals and  the length o f  the pr imary  roots  between seed-coat and 
point  o f  pene tra t ion  into the surface, or  in case o f  dead individuals to the root  tip, 
have been determined.
2.3 E s t a b l i s h m e n t  o f  s e e d l i n g s  in t h e  f i e l d
In April 1974 a mixture  o f  P. lanceolata, P. coronopus, P. major ssp. major, and  P. 
media seeds were sown on fourteen plots (30 x 30 cm) on a dune  grassland of  
Voorne.  T w o h u n d re d  seeds o f  each species were d is tr ibuted  uniformly over the 
plots. T  o s tudy the course  o f  the es tablishment o f  the seedlings dur ing  the growing 
season the location and  perfo rm ance  o f  the individual plants  were recorded on a 
m ap  on scale 1:1 every for tn ight  from April until July and  subsequently  each 
m o n th  until October .  F o r  the plots not  destroyed by rabbits  the observations  were 
con t inued  in 1975. As this sowing experiment was carried out  as par t  o f  a research 
project on the effects o f  t ram pling  ( B l o m  1977), the plots were chosen on the 
middle o f  pa ths  (V), on edges o f  pa ths  (M ) and  on loose soils (O).
Each fortn ight  the soil-moisture con ten t  in the upper  3 cm of  the soil was 
determined.  The  soil-moisture level o f  the plots with the loose soil was very low 
(mainly between 4 - 1 0 %  by weight) and  the vegetation layer low (0-5 cm) and 
open (cover 50° G). T he  entire surface o f  the plots on the edges o f  pa ths  was covered 
by a tall dense layer o f  vegetation mostly o f  herbs (10-15 c m ) and  the soil was moist 
( Mj ,  M 2 :13-27%  ; M 3- M 5 : 60-94° o). The  cover by vegetat ion  o f  three  o f  the 
plots on the pa ths  (V ! - V 3) was between 70 and  85 per cent and  the height o f  the 
plants did not  exceed 7 cm. The  o ther  plots on the path  were m ore  open (cover
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Table I. Germination percentages* under different light conditions in relation to the age of dry- 
stored seeds of six Planiugo species. All results are obtained at 25 C. fourteen days after sowing. 
Most tests are performed with 10 x 50 seeds in each year.
Seed ascili years 1 2 4 5 6
a 10-55 52-76 76-86
b1/1 1 1 /•/>/! / > I / /I 22 59 86 94/ . Ulne t Olenti
c
d
—
57-75 76-100
a 32-97 84 91 65 92
b/y Z1/) !'/ 1 M/l fìf / i* 31 67 66-98
24 57 14-27
/ .COI Olìiì pus —
c 0
d 0
a 0-19 89-99 18-58
b 0 69-87 5-15
/ • ///(//('/ 30 JJ.
major c - 47-89 0-1 1
d 0
a 0-12 93-100 56 71 —
L
P. major ssp. 0- 7 64 100 0-36 —
pleiosperma c - - 0-34 -
d 0
a 44-83 cc oc 38-73
b 5-36 75-86 22-69
/ . tue aia
C
d
-
46 73 11-51
—
a 86-93
b 69-82
/ • ftim ii / // /(/
c - - - — —
0 12
d — - - - —
Seed a se in years 0 1 2 3 4 5 6
* The 95",, confidence intervals are given (one interval for more years taken together means that no 
differences in germination were found)
** Freshly collected seeds
a: Daily photoperiod 16 hours of light. 8 hours darkness 
b: Complete darkness except for two minutes of faint daylight daily 
c: Complete darkness except for two minutes of faint green light daily 
d : Complete darkness
insufficient observations available.
4 0 -5 0 O/o) and  the vegetation was relatively low (2-3 cm). The  soil-moisture levels 
found in plots V, to V 5 were below 50%  by weight;  the soil o f  plot V 6 was much 
wetter (93%). The  characteris t ics  o f  each plot have been given in m ore  detail in a 
previous paper  (B lom 1977).
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3. R E S U L T S
3.1 L a b o r a t o r y  g e r m i n a t i o n  t e s t s
The  d a ta  o f  table I show  tha t  the germ inat ion  capacity  o f  freshly collected seeds of  
most species was m arked ly  lower than  o f  older seeds. Wi th the exception o f  P. 
lanceolata, all Plantago species studied germ inated  in lower num bers  in the dark  
with daily two minutes  o f  faint day- or  green light than  in the light. Only P. 
lanceolata and.  to a lesser extent P. media were able to germ inate  in complete  
darkness .  N o  radicle emergence in P. coronopus was observed in the da rk  or under 
green light condit ions .  The  results ob ta ined  with both subspecies o f  P. major were 
o f  par t icu la r  interest.  In com plete  darkness  no radicle emergence took place, 
whereas, especially for P. major ssp. major, under  green light cond i t ions  cons ider­
able num bers  o f  germ inated  seeds were observed. The  results con trad ic t  those of  
H a w t h o r n  (1974) w ho  still found some germ ination  in com plete  darkness.
T e m p e ra tu re  appea red  to be an im p o r tan t  factor  for the germ inat ion  o f  P. 
media and  even m ore  so for P. major ssp. major. T he  p ro p o r t io n  o f  the seeds o f  
these species capab le  o f  germ inat ion  decreased strongly when the tem pera tu re  fell 
below 20 C dur i ng in cu b a t io n ;  the radicle emergence o f  fresh to three year old 
seed did not  exceed 3 per c e n t ; for older seeds this became 7 per cent. Below 18 C 
the radicle emergence o f  fresh P. media seeds was a b o u t  5 pe rcen t ,  but older seeds 
came to a mean germ ina t ion  o f  12 per cent. These results agree fairly well with 
those o f  S a g a r  & H a r p e r  (1960. 1964).
A fluctuating tem pera tu re  regime (15-25 C) resulted in no m ore  germinated 
seeds than  a co n s tan t  tem pera tu re  o f  25 C.
A lthough  the ge rm in a t io n -d o rm an cy  characterist ics  o f  seed s tored under  n a ­
tural  co n d i t io n scan  bed ifferen t  from results ob ta ined  with seeds stored under  drv
*
co n d i t io n sa t  ro o m  tem pera tu re  ( H a r r i n g t o n  1973), t h e d a t a o f th e p r e s e n t s tu d y  
clearly show tha t  only P. lanceolata and  P. media seeds will be able to germinate  
reasonably  well in the absence o f  light, which may occur in the Held when the seeds 
are buried (cf. W e s s o n  &  W a r e i n g  1969b). A shor t  exposure  to faint daylight o f  
da rk  incubated  seeds o f  P. coronopus. both subspecies o f  P. major, and  P. maritima 
resulted in reasonable  nu m b ers  o f  germ inated  seeds. T he  ecological relevance of  
such a p h en o m en o n  has a lready been discussed by W e s s o n  & W a r e i n g  ( 1969a).
The observa t ion  in the field tha t  the seedling emergence o f  P. major ssp. major 
and P. media occurred mostly  in the late spring or  sum m er  can be explained by the 
fact tha t  a relatively high mean tem pera tu re  is necessary for the germ inat ion  of  
those species.
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3.2 R a d i c l c  e m e r g e n c e  a n d  e a r l y  e s t a b l i s h m e n t  o n  g l a s s  b e a d s  o f  
v a r y i n g  s i z e
As shown in (able 2, the num bers  o f  germ inated  seeds o f  P. lanceolata on the 
substra te  with the smallest particles ( I ) were significantly lower than  those on the 
o ther  substra tes  (P <  0.01 co m p ar in g  I and  II). An increase in germ inat ion  at 
increasing particle sizes o f  the substra tes  was also found for P. media. In c o m ­
parison with the o ther  species on substra te  I, lowest num bers  o f  germ inated  seeds 
were found  for P. lanceolata (P <  0.05). The  seeds second in size ( P. media) ger­
m ina ted  again  in lower num bers  on subs tra te  I than  those  o f  P. major ssp. major 
(P <  0.05). This  increase in ge rm ina t ion  with decreasing seed size was also o b ­
served on subs tra te ' l l .
C o m p ared  with the results on substra te  I. the m orta l i ty  o f  P. lanceolata, 
P. media, an d  P. major ssp. major was significantly lower on the glass beads of  
substra te  II (P <  0.005). At a decrease in seed size, a decrease in m orta l i ty  of  
germinated seeds was found on each substra te ;  only on the largest beads (III ) did
all seedlings survive.
The  sizes o f  the greater  p ro p o r t io n  o f  the sand grains are in the same range as 
those o f  the glass beads o f  substra te  11. Only the germination  of  P. lanceolata on 
the sand soil was significantly (0 .5%  level) higher than  on subs tra te  II.
D ea th  o f  seedlings w ascaused  by the inability o f  the p r im ary  roots  to penetra te  a 
dense substra te  surface. In par t icu la r  P. lanceolata roo ts  m eandered  over the 
surface to find a gap for penetra t ion .  This  p h en o m en o n  was observed earlier 
( B l o m  1976) and  also described for some o ther  species by S h e l d o n  ( 1974). W hen 
under  the high humi di t y  cond i t ions  no gap was found within a b o u t  five days, the 
root- t ips  desiccated and became dark .  R oot  penetra t ion  o f  all species followed 
a lmost  immediate ly  upon  radicle emergence on  the substra te  with the large beads. 
The  pr im ary  roo ts  o f  P. lanceolata were able to penetra te  the upper  layer o f  
substra te  I relatively quickly. Penetra t ion  o f  the lower layers, however, appeared  
to be a difficulty which resulted in a high m orta l i ty  o f  P. lanceolata seedlings (table 
2). C o m p a re d  with the o the r  species the p r im ary  roots  o f  P. lanceolata became 
obviously the longest on the surfaces of  substrates  I, II and on the sand soil (table 
2). This  species formed, especially on the sand soil, m any  laterals pene tra t ing  the 
surface, which, however, did not prevent a high mortali ty .
3.3 E s t a b l i s h m e n t  o f  s e e d l i n g s  in t h e  f i e l dc
D ue to differences in t ram pling  intensity, com pac t ion  and  m ois ture  con ten t  o f  the 
soil and  height and  cover o f  the vegetation layer, considerab le  differences in 
seedling es tab lishment between the three g roups  o f  plots and  sometimes between 
plots in one g ro u p  were found. On the open sandy plots ( O ^ O ^ )  P. lan­
ceolata and  P. coronopus seedlings established themselves reasonab ly  well and  
only a few individuals  died (figs. la  and  2a). F rom  April to August ,  signific­
antly m ore  seedlings o f  P. lanceolata and  less o f  P. coronopus were observed on 
plot O ,, i.e. the only plot with a vegetation layer (cover 50%),  than  on plots O , and 
0 3(P <  0.05). On the O -plo ts  only 3 percen t  o f  the P. major seeds had  emerged ; for 
P. media this percentage was still lower.
Table 2. Effects of  substrates with different particle size on the radicle emergence, mortality and root length before penetration of  four Planiago species.
Substra te  
Particle sizes (mm)
radicle
em er­
gence
(% )
I
0.01-0.05
morta l -  length** 
ity pr imary
root 
(% )  (mm)
radicle 
em er ­
gence 
<%)
11
0.17-0.25 
morta l -  length 
ity pr imary
root 
(% )  (m m )
radicle
em er­
gence
(°/o)
III
0.89-1
m or ta l ­
ity
(% )
.23
length 
pr imary 
root 
(m m )
0.05-
radicle
em er­
gence
(Vo)
sand 
1.0: m e d i a n : 0.19 
morta l-  length 
ity primary
root 
(% )  (mm)
P. lanceo/ala
(2.4-1.0-0.8)*
31.9 83.3 x : 6.4 
5.7-7.0
65.6 40.9 x: 12.0 
8.6-15.5
84.4 0 0 93.7 51.4 x: 13.8 
10.0-17.6
P. media
(2 .0-1 .0-0 .3)
58.2 64.9 x: 4.0 
3.2-4.7
81.8 14.8 x: 3.3 
2.4 4.1
75.3 0 0 74.3 19.1 x: 3.4 
2.2-  4.5
P. major ssp. major
(1.2-0.9-0.3)
88.7 58.8 x:3.0 
2.6-3.4
94.5 5.0 x: 1.8 
1.3-2.4
97.4 0 0 98.2 1.5 x: 2.1 
1.2- 3.0
P. coronopus 
(0.9-0.4-0.1)
77.5 7.3 x : 1.5 
0.9-2.1
79.4 1.4 x: 0.9 
0 -  1.9
70.6 0 0 80.9 0 x : 1.1 
0.6-  1.5
*
**
mean length, width and  thickness o f  the seeds ( mm)  
mean length (x) and  9 5 %  confidence interval 
All values are de termined 14 days after  sowing
Radicle emergence:  percentages o f  germinated seeds with reference to the num bers  o f  sown seeds 
Percentages morta l i ty  with reference to numbers  o f  germinated seeds
to
ON
% established 
seedlings
50 % established 
seedlings
Rcoronopus *m4
PATH 
... , , Rcoronopus
% established 
seedlings
%  3 
PATH 
Planceolata
50 % established 
seedlings
% established 
seedlings
50 % established 
seedlings
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LOOSE SOIL 
Rlanceolata and Rcoronopus
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PATH-EDGE 
Rlanceolata and Rcoronopus
l i g.  I . T ime course  in percentages  ol es tablished seedlings from seed sown in Apri l  1974on open  plots 
with a loose soil (O , - 0 3). on pa th -edges  ( M , IV15: m odera te ly  co m pac ted ) ,  a n d  on p a th s  (V,- V0 ; 
highly c o m p a c ted )  in a dune  grass land.  T he  percentages  are given with reference to the n u m b ers  o f  
seeds sown per species.
On th ep lo ts s i tu a ted  on th e e d g e s o fp a th s ( M  ! - M 5)only  P. ¡cinceolataseedlings 
emerged reasonably  well {jig. lb). D ur ing  the season three to four peaks in the 
m orta l i ty  curves were observed {Jig. 2b). Some P. covonopus seedlings were obse r ­
ved on plot M 4, but in A ugus t  none  o f  the emerged plants  survived (fig. lb). 
Probably  due to the high soil-moisture con ten t  o f  this plot some P. major and  P. 
media seedlings were also found until August.
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P. lanceolata and P. coronopus
% dead 
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'  "  A
P.coronopus *m4 m
% dead 
seedlings
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Pcoronopus
@
%dead
seedlings
PATH 
P media
©
-
100
60
20
v 3
V4
l i e .  2. Percentages  o f  seed lines which died in e ish t  per iods d u r u m  the e ro w th  season ol 1974. On each 
da te  the percentages  are calcula ted  with reference to the n u m b ers  o f  emerged  and  es tablished seedlings 
since the previous  observa t ion .
Due to a higher t ram pling  intensity, the plots V4. V 5, and  V 6 were characterized 
by a vegetation layer which was lower and  m ore  open than  on plots Vj,  V 2, and  V 3. 
F u r th e rm o re ,  from these plots on the paths, V t was relatively dry (mean soil- 
m ois ture  con ten t  by weight 7 .7%),  whereas the soil o f  plot V b appeared  to be very 
wet (93.3%). F o r  all species the highest num bers  o f  seedlings were found  on plots 
V4 and  V 5 (m odera te ly  wet and  open). Only P. major occurred  a b u n d a n t ly  on the 
wet plot V 6, whereas  on the dry  plot V , only P. lanceolata seedlings were present 
{figs. 1c, e). P. coronopus emerged in considerable  n u m b ers  in the first two weeks 
after  sowing on plots V4 and  V 5, but a rapid fall in num bers  o f  living seedlings was
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Table 3. Numbers of  living and percentages of dead (between brackets)* Plantago plants in 1975 on 
plots in which the seeds were sown in April 1974.
Plot June July
P. Umceolata 
August September October
o , 12(58.6) 16 ( 5.9) 14(22.2) 12(14.3) 9(30.8)
Oj 20(39.4) 20 ( 4.8) 19(13.6) 12(33.3) 12(14.3)
M, 18(28.0) 17(26.1) 14(26.3) 17(15.0) 18(10.0)
v 4 4(86.7) 3(25.0) 4(20.0) 4 ( 0 ) 3(25.0)
V, 2(95.1) 2 ( 0 ) 1 (50.0) 0(100 ) 0( -  )
Plot June July
P. coronopus 
August September October
o , 12(42.8) 13(13.3) 16 ( 0 ) 15(11.8) 11 (31.3)
o 3 13(51.9) 11 (26.7) 17 ( 0 ) 18(18.2) 20 ( 9.1)
V4 1 (95.5) 1 ( 0 ) 1 ( 0 ) 1 ( 0 ) 1 ( 0 )
V5 1 (96.3) 1 ( 0 ) 1 ( 0 ) 1 ( 0 ) 1 ( 0 )
Plot June July
P. major ssp. major 
AusustW September October
v 4 8(74.2) 13(23.5) 9(40.0) 1 1 ( 0 ) 9(25.0)
v 5 6(73.9) 12(14.3) 7(41.7) 7 ( 0 ) 3(57.1)
Plot June J u 1 y
P. media 
August September October
v 4 3(76.9) 3(40.0) 1 (66.7) 1 ( 0 ) 0(100 )
Vs 2(80.0) 2 ( 0 ) 2 ( 0 ) 1 (50 ) 1 ( 0 )
* on each date the percentages of  dead seedlings are calculated with reference to the numbers of 
emerged and established seedlings since the previous observation.
observed subset] uently (Jig. Id). T w o  or three peakscan  be recognized in thecurves  
indicating established and dead seedlings o f  P. major and  P. coronopus, but 
m arked  differences between both  species were found (Jigs. Id .cand 2d.e). In June,  
August  and  O c to b e r  a decrease in num bers  o f  dead P. coronopus seedlings was 
found, whereas at tha t  time a relatively high level o f  dead  P. major p lants  was 
observed. It should  be no ted  that  m ore  P. major seedlings were found  after  a spell 
o f  rainy days. D ur ing  the season the emergence o f  P. coronopus in plots V 2and  V 5 
occurred in significantly higher num bers  than  in the case o f  P. major (P <  0.05). 
Especially from July o n w ard s  the num bers  o f  living P. major p lan ts  were signi­
ficantly higher t han those o f  P. coronopus in all plots on the paths,  which also 
indicates the high m orta l i ty  o f  the P. coronopus seedlings.
The  soil-moisture con ten t  o f  plots M 4 and V6 appeared  to be very high. In a 
prel iminary  experiment in the greenhouse,  the radicle emergence and  the growth  
o f  roots  o f  Plantago seedlings were studied in pots  with m odera te ly -com pac ted  
and w ater-sa tu ra ted ,  sandy  soils. Im p o r ta n t  differences between species were
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observed in percentages o f  germ inated  seeds. T  wenty days after sowing the germi­
nation o f  P. major ssp. major had reached 41 per cent, followed by P. coronopus 
(20%), P. lanceolata (10%,), and  P. media (3.5%). Seedlings o f  all species were 
capable  o f  pene tra t ing  the wet soil, but roots  o f  P. major seedlings became much 
longer than  those o f  the o ther  species. After  45 days the mean length of  P. major 
roo ts  was 13 cm, whereas  P. lanceolata and  P. media roo ts  reached a m ean  length 
o f4 .5  cm. The  roo ts  o f  P. coronopus seedlings were still sho r te r  (2.5 cm) but most  
lateral roots  per unit- length were formed in this species. Lowest m orta l i ty  was 
found in P. major and  the highest in P. coronopus. The  results o f  these preliminary 
experiments  confirm  the field observations,  especially those o f  plot V6 (jigs. Id , e 
and  2d, e).
Table 3 shows, for five plots, the num bers  o f  plants  which rem ained a year after 
sowing as well as the percentages  o f  p lants  which had  succum bed  du r ing  five 
periods in 1975 .1 n con tras t  with the o ther  plots some individuals o f  P. lanceolata 
and P. coronopus in the 0-p \o tshad  (lowered in 1974; thus  the emerged seedlings in 
those plots could have orig inated from seeds sown in 1974 or from seed produced 
in 1974. M ark ed  differences were found for the four species; between O ctober
1974 and J une  1975 relatively high num bers  o f  living P. lanceolata and  P.
coronopus p lants  on the O- and  M -plo ts  remained, whereas on the V-plots most 
individuals o f  these species had d isappeared .  On the V-plots m any  P. major and  P. 
media p lants  had also succum bed between O ctober  1974 and the first observation 
in 1975, but co m p ared  with the o ther  species the percentages o f  dead plants  were 
much lower. P. media d isappeared  nearly completely in the V-plots dur ing  1975. 
whereas most P. major survived. T he  fall in num bers  o f  P. major p lants  in O ctober
1975 was also observed at the end o f  1974 and  can be explained by the fact that 
only upper  par ts  o f  this species die off  in a u t u mn  and  winter. D ur ing  1975 em er­
gence o f  P. lanceolata was observed in the O- and M-plots ,  P. coronopus emerged 
in the O-plots  and P. major in the V-plots.
4. DISCUSSION
The germ inat ion  capacity  o f  seeds is in general s trongly dependen t  on the ch a rac ­
teristics o f  the popu la t ion  from which the seeds arecollected (cf. T  h o m p s o n  1975). 
Differences in germ inat ion  responses are even observed between seeds collected 
from different individuals  (Rume.x crispus c f  C a v e r s  1974). S a l i s b u r y  (1965) 
reported  on differences in germ inat ion  o f  P. major seeds collected from different 
parts  o f  the spike. C hanges  in size and  shape o f  seeds can influence the processes o f  
germ inat ion  and  es tab l ishm ent ( H a r p e r  et al. 1970). Due to different env iron­
mental condit ions ,  shape,  size and  weight o f  seeds can differ m arked ly .Th is  was 
shown by S a l i s b u r y  (1974) for 20 genera and which will be repor ted  for Plant ago 
species in a following paper  by the present au thor .  T h u s  the behav iour  o f  seeds and 
seedlings as described in this paper  must be considered as the characterist ic  
reaction o f  seeds from popu la t ions  occurr ing  on the sites described under  section 
2.1. The  percentages o f  Plantago seeds germ inated  under  lab o ra to ry  condit ions  
( table 1) were in general higher than  those m entioned  in the li terature,  which can be
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explained by the fact th a t  either the seeds came from different popu la t ions  or  that  
tests o f  o ther  au th o rs  were performed with relatively fresh seeds. K ig e l  et al. 
(1977) reported  on increasing ability to germinate  in old seeds o f  Amaranthus 
retro/1 exits.
A feature o f  interest was the high susceptibility to weak green safelight o f  seeds 
o f  both  P. major subspecies ( table 1). P robab ly  a very low level o f  the active form o f  
phy toch rom e  is sufficient to induce germ ination  in these seeds. This  level might be 
ob ta ined  by irrad ia t ion  wi th green light (cf. Sm ith  1973). This reveals tha t  results 
o f  dark  germ inat ion  experiments  in which seeds are exposed tem porar i ly  to weak 
green safelight can be different from results ob ta ined  in com plete  darkness ,  which 
was also recognized by J. P. G r im e  (personal com m unica t ion) .
The germination  o f  the relatively large seeds o f  P. lanceo/ata increased at 
increasing size o f  particles which provided m ore  suitable micro-sites and  thus a 
better seed-substrate  con tac t  {table 2). Penetra t ion  o f  roo t  tips depends  on at least 
four physical characteris t ics  o f  a substra te :  bulk density, porosity ,  pore  d iam eter  
and aggregate  form ation .  W ith  increasing particle size, the bulk density  increases 
and the poros i ty  decreases ( S t a p l e  1975). The  d iam eter  o f  pores increases m a r ­
kedly at increasing particle size (G oss  1977). The  p r im ary  roo ts  o f  all species under  
s tudy were m ore  capable  to pene tra te  substra tes  with the large particles;  only the 
p r im ary  roots  o f  P. a  nonopus penetra ted  rapidly the upper  layer o f  the substrates  
with the small particles (table 2). The  low capacity  o f  the p r im ary  roots  o f  P. 
lanceo/ata for pene tra t ion  o f  the surface o f  the sandy  soil can be explained by the 
fact that  the degree o f  aggregate  fo rm ation  within this type o f  soil is higher than  
in c a se o fsu b s t ra te s  with ro u n d  glass beads. A ssh o w n  in table 2, the p r im ary  roots  
from small seeds (P. coronopus and P. major ssp. major) were m ore  capable  o f  
pene tra t ing  the surface o f  the subs tra te  t han those o f  relatively large seeds (P. 
lanceo/ata and  P. media). P ig g in  (1976) observed similar relations between seed 
size and  soil-root pene tra t ion  for seed \\ngsof Echium plantagineum and  Trifolium 
subterraneum. A s h e r  & O z a n n e  (1966) found,  however, the reverse effect for 
several species.
As dem o ns t ra ted  earlier ( B lom 1976. 1977) the knowledge o f  the behav iour  o f  
plants  in the various  stages o f  their lile-cycle is essential for a good  unders tand ing  
o f  their reaction to biotic and abiotic  factors. Insight into the processes o f  seedling 
emergence and es tab l ishm ent  du r ing  thecou rse  o f  time can be ob ta ined  by sowing 
experiments  in the field (e.g. P e m a d a s a &  L o v e l l  1975 and  this paper) .  T h e ch an c e  
o f  survival s trongly depends  on the space available to the seedlings (Ross  & 
H a r p e r  1972). In the field experiments  described in this paper ,  the distance 
between surviving seedlings appea red  to be relatively large; only small num bers  o f  
seedlings emerged. This can be ascribed either to stress (moisture)  o r  to d is tu r ­
bance ( t rampl ing) .  It is well know n that  these two factors cause a decrease in plant 
density (e.g. Gr i me  1978). A low m ois ture  con ten t  was limiting for the emergence 
o f  P. major and  P. media, whereas P. coronopus seedlings did not survive intensive 
t ram pling  (B lom  1977). M ost  P. lanceo/ata p lants  occurr ing  on plots  s i tuated on a 
path  died the year after  emergence (table 3). In th e so w in g e x p e r im e n tso n  the path ,  
the s t rong  decrease o f  living P. coronopus seedlings in the first week o f  J u n e c a n  be
ascribed to t ram pling ;  ma n y  walkers had been observed dur i ng this period. It is 
not know n  how m an y  times the individuals o f  each species have been t rodden  but 
thesuppos i t ion  seems to be justified tha t  a high tram plingac t iv i ty  caused thedea th  
o f  m any  P. coronopus seedlings. T o  study the relation between t ram pling  and 
survival m ore  precisely, t ram pling  experiments  were perform ed in the greenhouse 
( B l o m  1977) and in the field by m eans  o f  a t ram pling  m achine  ( B l o m , in p rep a ra ­
tion). The  latter experiments  showed that  full-grown P. coronopus plants  had a 
high resistance to trampling .
On com pac ted  soils in the dunes, the humic sandy substra te  is often wet (plots 
M 4 an d  V6).The question arises what  will influence the es tab lishment o f  seedlings 
more : the mechanical  im pedance  o f  the soil, or  the water  sa tu ra t ion  wi th a reduced 
oxygen con ten t .  In agricultura l  l i terature  it has been d em o n s t ra ted  tha t  the 
reaction o f  several species to these factors differs greatly (e.g. B a r l e y  et al. 1965 ; 
W a r n a a r s  &  E a v i s  1972; and H e m s a t h  &  M a z u r a k  1974). The  preliminary 
experiments  described in section 3 showed that  the occurrence o f  the Plantago 
seedlings on very wet com pac ted  soils depends  on the germ inat ion  capacity  under 
these condi t ions  as well as on the capabili ty  to penetra te  the soil. P. major appears  
to meet these requ irem ents  best o f  all. It can be supposed  tha t  failure in germi­
nation may be ascribed to a low oxygen conten t  due to the high water  content,  
whereas the reduction  o f  roo t  growth is mostly caused by the mechanical im ped­
ance o f  the soil.
Only P. lanceolata seedlings established themselves reasonably  well in the tall 
dense vegetation layer o f  the plots on the paths  and  on the pa th  edges. P. major ssp. 
major was found in the least num bers  under  these conditions.
As will be reported  in a following paper,  the levels o f  nutr ients  in the soil o f  a 
pa th  are mostly higher than  those in the hum us-poo r  loose sandy  soils. The  high 
level o f  established p lan ts  o f  P. major on the m ore  open plots on the paths  can be 
ascribed to this factor,  since the growth  o f  this species is s trongly s t imulated by a 
high nu tr ien t  level ( K u i p e r  &  K u i p e r  1978). The  results described in this paper  
as well as the findings o f  previous experiments ( B l o m  1976. 1977) are summarized  
in table 4.
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Table 4. The occurrence of seedlings of four Plantago species in relation to some environmental 
conditions in coastal sand dunes. 1 =  lowest degree of the condition mentioned. 2. 3. and 4 =  
increasing degrees and occurrences; coron. =  P. coronopus. lane. =  P. lanceolata. major =  P. major 
ssp. major, media =  P. media.
LOW 1 4 HIGH
Degree of soil compaction lane. media coron. major
Trampling intensity coron. lane. media major
Soil-mosture level lane. coron. media major
Inlluence of surrounding veueta- 
lion
major media coron. lane.
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EFFECTS OF TRAMPLING AND S O IL  COMPACTION ON 
THE OCCURRENCE OF SOME PLANTAGO S P E C IE S
IN COASTAL SAND DUNES
IV. Separate and combined effects  of trampling and 
so i l  compaction on the growth of four Plantago
species in experimental p lo t s *
C.W.P.M. BLOM
1. INTRODUCTION AND METHODS
The research on the effects  of trampling and s o i 1 compaction on the growth and 
development of four P l a n t a g o  species was continued in trampling experiments 
performed on a r t i f i c i a l  p lots.  The aim was to separate the effects  of trampling 
and so i l  compaction; the influence of so i l  compaction being studied separately 
and the effects  of trampling and compaction on the behaviour of the plants in 
combination. In analogy with greenhouse experiments (Blom 1976, 1977), three 
ser ies  of plots  were prepared; the dune-sand so i l  of se r ies  L was not compacted, 
that of se r ie s  M was moderately compacted, and the substrate of se r ie s  S was 
s t rong ly  compacted. Each se r ie s  comprised three plots  (Fig. 1). In Apri l  1976 
four-week-old seedl ings of P . l a n c e o l a t a  L . ,  P . c o r o n o p u s  L . ,  P . ma j o r  L. 
ssp. ma j o r ,  and P. medi a L. were planted in rows; the distance between 
the plants was 15 cm. The plants growing on ha l f  of each plot  were trampled by 
means of a trampling machine (see Photo 1 and 2); in the other ha l f  the effects  
of only so i l  compaction on growth, f lowering capacity, and seed production were 
studied. The fol lowing trampling regimes were applied: each plant in se r ie s  L
* Progress Report 1977, Institute for Ecological Research
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was trampled once a day ( l ig h t ly  trampled), in series M the trampling frequency 
was three times a day (moderately trampled), and in series Seach plant was trampled
?
six times a day (heavi ly  trampled). The force appl ied to the plants was 0.25 kg/cm 
which roughly equals that applied by a man of medium weight (c f .  Liddle 1975; 
Canaway 1975). The duration of each trampling treatment was 5 seconds, and the 
trampling regimes were started a month a fte r  planting.
The edges of each half plot (trampled and untrampled) carried a supplementary 
row of P. major or P. media. The individuals in the in te r io r  part of each 
ha lf plot (indicated in Fig. 1 by a black dot) are discussedin the 1977 and 1978 
reports.
)
.sVt
PHOTO 2. Part of the trampling machine
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2. PRELIMINARY RESULTS AND DISCUSSION
The data of the fi rst three plots (see Fig. 1, plots 1 ,2 , and 3; each treatment 
12 plants per species) have been analysed and the diameters of the rosettes give 
an idea of differences in reaction between the four species. With reference to 
the fa c to rso il  compaction, the largest differences in reaction between the three 
treatments were found for P . l a n c e o l a t a  and P . coronopus .  Both species 
showed larger plants on the untrampled loose soi Is than on the untrampled moderately 
or strongly compacted substrates (Fig. 2 ); the highest numbers of leaves per 
pi ant were al so found on the 1 oose soi 1 s . The differences in the size of P .ma jo r  
and P. media between the untrampled treatments were much smaller (Fig. 2). 
Compacted so ils  provided even better conditions for the growth of these species 
than did loose sandy so i l s ,  which can be ascribed to the re la t iv e ly  high water 
ava i l ab i l i t y  in compacted sandy soi ls (cf .  Liddle & Greig-Smith 1975). In the 
f i e ld ,  P . m a j o r ,  and to a lo wer degree P .med i a ,  occur mai nly on re la t iv e ly  
moist s ites . I t  is probable that on the plots with the loose soil the growth of 
both species was inhibited by the low moisture content. As describedin Progress 
Report 1978, also root competition caused a reduction in growth, especia lly  in 
the case of P . ma j or .
The combined effects of trampling and so i1 compaction are also given in Fig. 2. 
For P . l a n c e o l a t a  and, to a lower degree for P . co ronopus ,  an increase in 
trampling resulted in a decrease of rosette diameter (Fig. 2). P. major  and 
P. media were more resistant to trampling (Fig.  2),  which was also the case 
during e a r l ie r  stages in the ir  l i fe-cyc le  (Blom 1977). Comparison of the effects 
of compacti on al one and trampl i ng combined wi th compacti on shows 1 arger di fferences 
in diameter for P . l a n c e o l a t a  and P . coronopus  than for P .ma jo r  and 
P. media (F ig. 2). This s t r i  ki ng contrast demonstrates that under these condi t i  ons 
reduced growth of P. major  and P. media plants must be attributed more to
1 imi ted factors due to physi cal soi 1 condi t i  ons than to vul nerabi 1 i ty to trampling.
Besides the rosette diameter, the numbers of leaves were determined. The f i r s t  
results show c lea r ly  for P . l a n c e o l a t a  and P . coronopus  the mean numbers 
of leaves decrease wi th i ncreasi ng compacti on and trampling. For these species the 
values for the trampled plots are in general much lower than those found for the 
untrampled s ites . The di fferences i n the vegetative characteri sti cs of P.media 
and P. major  between untrampled and trampled series were smal le r ;  especial ly 
for P. ma jor ,  the fewest and the smallest leaves were found in the untrampled 
seri es .
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FIG. 2. The effects of soil compaction (open symbols) and of compaction in
combination with various trampling regimes (closed symbols) on the 
rosette diameter of four P l an t ago  species growing in experimental 
plots. The diameters measured during 1977 are given
As shown in Table 1, the density of the soil of a l l  trodden plots was much 
higher at the end of 1977 than in 1974. Probably due to re la t iv e ly  intense 
vertica l soil-water movements, the density of the untrampled, strongly compacted 
soil had also increased. Compared with the 1974 values, the density of the soil 
in the other untrampled plots had s l ig h t ly  decreased in 1977, which can be ascribed 
to the mechanical a c t iv i t y  of the roots in these plots.
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trampling experiment. The values were obtained by measurement with
a penetrometer (conus A, see Blom 1977) 5 and 10 cm below the soil
2surface. Mean values of 10 measurements are given in kg/cm
TABLE 1. The compaction of the dune-sand soil in the open plots of the
1 oose 
soi 1
moderately compacted
soi 1
strongly compacted
soi 1
. n a l ig h t ly  untrampled tr^ 6
5 cm 10 cm 5 cm 10 cm
, , moderately untrampled trample/
5 cm 10 cm 5 cm 10 cm
untramoled i 10dV\ ^ Htrampled
5 cm 10 cm 5 cm 10 cm
1974*
X
S.D.
5.8 8.8 
1.2 1.4
10.0 21.2 
1.4 1.8
10.2 24.2 
1.2 2.6
1977
X
S.D.
4.8 8.0 11.0 16.0 
1.2 3.0 0.8 2.2
10.8 20.4 15.8 29.8 
0.6 1.4 1.2 1.8
13.6 29.6 19.9 35.4 
2.2 0.7 2.0 0.6
* The plots were prepared at the end of 1974. The trampling machine was tr ied  
out in 1975; the experiments were started in April 1976
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EFFECTS OF TRAMPLING AND SOIL COMPACTION ON 
THE OCCURRENCE OF SOME PLANTAGO SPECIES
IN COASTAL SAND DUNES
V. Separate and combined effects of trampling and 
soil compaction on root patterns, root biomass, 
and seed production of four Plantago species in
experimental plots*
C.W.P.M. BLOM
1. INTRODUCTION AND METHODS
In addition to the study on the in f 1uence of trampling and soil compaction on 
the germination, seedling emergence, and seedling establishment of P l an t ago  
l a n c e o l a t a  L . ,  P . coronopus  L . ,  P . m a j o r L .  ssp. ma jor ,  and P.media L. 
(Blom 1976, 1977, 1978a), experiments were performed to investigate the effects 
of these two environmental factors on the reaction of full-grown plants. The 
influence of compaction separately and of trampling and compaction in combination 
on the diameters of the rosettes of these species has been described in a previous 
paper (Progress Report 1977). Additional data wi l l  be presented in this report.
The study was performed on three seri es of experimental plots inwhich seedlings 
of the four P l an t ago  species were planted in rows in April 1976 (distance 
between the plants: 15 cm). The sandy soil of the various plots was a r t i f i c i a l l y  
compacted such that, up to a depth of 1 metre, a moderately and a strongly compacted 
substrate was created in two series. For purposes of comparison, a loose soil was 
used in one series of plots. Trampling was carried out with a trampling machine
* Progress Report 1978, Institute for Ecological Research
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(see Progress Report 1977). To study the effects of compaction alone and of 
compaction and tramplingin combination, the individual plants of the four species 
growing in one hal f  of each plot were trampled. The following treatments were 
applied: l ight trampling (once a day) on the loose soi l s ,  moderate trampling 
(three times a day) on the moderately compacted soi l s ,  and heavy trampling (six 
times a day) on the strongly compacted substrates.
To investigate the effects of the various treatments on the development of the 
root systems, in three of the plots (7, 8, 9; see Fig. 1, Progress Report 1977) 
the rooting patterns and the biomass d istribution in three successive soil layers 
were determined in September 1977.
The rooting patterns were determined by means of the "pinboard" method (see 
Schuurman& Goedewaagen 1965). For these measurements, boards covered with steel 
pins at a distance of 2.5 cm were used. The length of the pins was 10 cm. The 
two-dimensional contour of the root system of each plant was determined by counting 
the numbers of pins covered by i t s  roots. In this way the size of the root system 
of each individual plant was determined. For the determination of biomass, the 
plants were dried at 70°C for 24 hours. To get an impression of the biomass 
di s t r i  bution in the soi 1 , the roots of each pi ant were harvested in three successive 
soil layers (0-12.5 cm, 12.5-25 cm, and 25-37.5 cm).
In addition to the measurements of the diameters of the rosettes (Progress 
Report 1977) in 1977 the numbers of spikes of the plants growing in plots 1, 2, 
and 3 were determined. Samples were taken to determine the numbers of seeds per 
spike, from which the numbers of seeds per plant were calculated.
The trampling experiments on the remaining plots wi l l  be continued until at 
1 east the end of 1979.
2. RESULTS
2.1.  Root ing p a t t e r n s
The shape of the root systems of the four P l an t ago  species in the six 
treatments is indicated by the outlines in Fig. 1. For a l l  species studied, the 
largest root systems occurredin the untrampled loose soi ls.  In these substrates 
intermingling of the roots of P .ma jo r  ssp. major  and P . l a n c e o l a t a  was 
found (see Photo 1). Increasing compaction reduced the length of the root systems 
of a ll species. The differences in root-system length between the loose and the 
strongly compacted soi Is were the largest for P . l a n c e o l a t a .  The root systems 
of P. major  and P. media in the moderately compacted soi 1 s were rel ati vely short.
Comparison between the untrampled and trampled series within each plot shows 
that trampling al so reduced the root systems of a ll species. I t  is remarkable that 
even a ligh t trampling regime on the 1 oose so i1s caused a pronounced reduction in 
the size of the root systems of P. media and P . l a n c e o l a t a  (measurement of
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the surfaces of the root systems as drawn in Fig. 1, NC and LT, demonstrated a 
reduction of 48% in LT for P. media and 37% for P . 1 an ceo 1 a ta ) . A smaller 
reduction was found for P . coronopus  (13%) and P .ma jo r  (9%). Compared with 
the untrampled, strongly compacted soi l s ,  a heavy trampling regime caused the 
strongest reductionin the size of the root sytems of P. media (70%), followed 
by P .ma jo r  (56%). The reduction was smaller for P . l a n c e o l a t a  (35%) and 
P . coronopus  (31%). The combined effects of trampling and compaction on root 
elongation can be seen by comparing the rooting patterns in the untrampled loose 
so ils  and those in the heavily trampled plots with the strongly compacted soi l .  
Large effects of trampl ing wi th compacti on on the root size were found for P. media 
(reduction 87%), P .ma jo r  (80%), and P . l a n c e o l a t a  (70%) and re la t iv e ly  
small effects were observed for P . coronopus  (41%).
2.2.  Root biomass
The d istribution of the biomass of the roots within three successive soil 
layers is given in Fig. 2. As could be expected, the largest biomass values were 
found in the upper 12.5 cm of the so i l ,  but there were considerable differences 
between the species and between the treatments. For a l l  species increasing compaction 
of the soil was associated with a decrease in biomass in the lower soil layers.
With a ligh t trampling regime, the biomass of the roots of P . l a n c e o l a t a  
decreased stronglyineach soil layer (Fig. 2, see NC and LT). The other species 
did not show any important e ffec t  of 1ight trampling on the biomass distribution 
in the soi l .  Compared with the untrampled, strongly compacted series, a heavy 
trampling regime caused a reduction in the biomass of the roots of a l l  species; 
in each soil layer the reduction was greatest for P . l a n c e o l a t a ,  followed by 
P.media (Fig. 2, see SC and HT).
To give an impression of the functioning of the root systems of the four 
P l an tago  species at the various degrees of compaction and trampling, the shoot- 
root ratios are presentedin Table 1. A l igh t trampling regime caused an increase
TABLE 1. Shoot-root ra t io  of four P l an t ago  species at various degrees of
soil compaction and trampling
NC LT SC HT
P. lanceolata 0.5 0.7 0.7 0.7
P. coronopus 0.7 0.7 0.5 0.8
P. major ssp. major 0.4 0.7 0.4 1.0
P. media 0.4 0.4 0.4 0.5
NC = loose soil LT = l ig h t ly  trampled
SC = strongly compacted soil HT = heavily trampled
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FIG. 1 Rooting patterns of four P l an t ago  species at 
various degrees of soil compaction and trampling 
regimes. The contours of the root systems were 
obtained by measuring of the width of the systems 
at d ifferent depths. For each soil layer the mean 
width and S.E.  (distance between dots) are given
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PHOTO la . Root systems of four P l an t ago  species growing in the loose (NC),
moderately compacted (MC), and strongly compacted so ils  (SC) of the 
experimental plots. In each photograph the order of the species 
from the l e f t  to the right is P . ma j o r ,  P. me di a,  P . co ronopus ,  
P . m a j o r ,  P . l a n c e o l a t a ,  and P.me dia
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PHOTO lb . Root systems of four PI antago species growing in the l ig h t ly
(LT),  moderately (MT), and heavily trampled plots (HT). In each 
photograph the order of the species from the l e f t  to the right is 
P . m a j o r ,  P .med i a ,  P . co ronopus ,  P . m a j o r ,  P . l a n c e o l a t a ,  
and P . me d i a
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in the shoot-root ratio  of P . l a n c e o l a t a  and P .ma jo r  (see NC and LT). For 
P . l a n c e o l a t a  this increase was due mainly to the considerable decrease in total 
root biomass (72%); the reduction i n shoot bi omass of P . l a n c e o l a t a  was smaller 
(60%). Light trampling led to a re la t iv e ly  small reduction in the root biomass of 
P. major  (23%), but the shoot biomass increased by 35%. A heavy trampl ing regime 
considerably increased the shoot-root ratio  of P. major  and less so that of 
P . coronopus  (Table 1, see SCandHT). Due to heavy trampling a decrease in root 
biomass (43%) but an increase inshoot biomass (24%) was observed for P. major .  
Compared with the untrampled, strongly compacted so i l ,  a heavy trampling regime 
caused a higher reduction in biomass of the roots of P . coronopus  (36%) than in 
the biomass of the shoots (7%). The data in Table 1 suggest that in the heavily 
trampled series the root systems of P .ma jo r  and P . coronopus  were re la t iv e ly  
more e f f ic ie n t :  a higher shoot biomass being sustained by a lower root biomass.
2 .3 .  Seed p roduc t i on
The mean numbers of spikes produced per pi ant in the various plots are given in 
Fig. 3. For P . coronopus and P .ma jo r  plants, the numbers of spikes produced 
in the trampled series are s ig n if ican t ly  higher than those in the equivalent 
untrampled series. A hi gh number of spi kes was also found for P . l a n c e o l a t a  in 
the l ig h t ly  trampled series. For both P . l a n c e o l a t a  and P . co ronopus ,  
increasing compaction (Fig. 3, see L, M, and S of the untrampled series) as well 
as increasing trampling (Fig.  3, L, M, and S of the trampled series) caused a 
considerable decrease in the numbers of spikes. The effects of trampling on the 
numbers of spikes of P . l a n c e o l a t a  seem to be more pronounced than the effects 
of compaction alone. At increasing trampl ing no negati ve effects in the numbers of 
spikes of P. major  were observed; the most spikes per plant were found on the 
moderately trampled plots. P. media produced few spikes in a l l  treatments.
The mean numbers of seeds produced per species in the various plots are given 
in Fig. 4. With the exception of P .ma jo r  plants on the loose so i l s ,  the mean 
numbers of produced seeds of a l l  species were s ig n if ican t ly  lower in a l l  trampled 
plots than in the equivalent untrampled plots. The decrease in seed production 
of P . l a n c e o l a t a  and P . coronopus  was greatest between the pi ants growi ng 
on the loose and on the moderately or strongly compacted so ils  and between the 
plants of the l ig h t ly  and the moderately or heavily trampled plots.
The reverse results which were obtained for the numbers of spikes and the 
numbers of seeds produced by the species in the various treatments show that, in 
general, considerably fewer seeds were produced per spike in the trampled than in 
the untrampled plots. These differences are ascribable to the fact that the spikes 
of the untrampled plants became 1onger than those of the trampled ones (Table 2).
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TABLE 2. Length of the spikes of four P l an t ago  species at various degrees
of soil compaction and trampling (mean values in mm + S .E . )
NC LT MC MT SC HT
P. lanceolata 34.2+2.3 17.5+0.9 22.3+2.3 19.8+2.1 28.7+1.8 17.2+1.4
P. coronopus 53.0+1.6 34.0+1.4 28.1+1.1 13.0+1.0 36 .9+1.4 17.6+1.0
P. major ssp. major 41.2+9.5 33.9+4.6 47.1+8.8 24.4+0.5 44.5+7.0 28.0+1.1
P. media — - 47.0+1.0 22.0 - 75.0+8.0 34.0 -
NC = loose soil LT = l ig h t ly  trampled
MC = moderately compacted soil MT = moderately trampled
SC = strongly compacted soil NT = heavily trampled
The various treatments also led to differences in the weight of the seeds 
(Table 3). The seeds of P . l a n c e o l a t a  proved to be lighter in the moderately 
and heavily trampled plots than in the untrampled plots with the moderately and 
strongly compacted soi ls.  The reverse was found for seeds of P. major  and, in 
the heavi ly  trampled seri es , for P.media seeds. The seeds of P . coronopus were 
heavier in the l ig h t ly  trampled than in the untrampled plots with the loose soi l .
TABLE 3. Mean weight (g) of 1,000 seeds produced by four P l an t ago  species
at various degrees of soi l  compaction and trampling
NC LT MC MT SC HT
P. 1anceolata 1.12 1.20 1.21 0.87 1.27 0.83
P. coronopus 0.10 0.14 0.15 0.16 0.16 0.14
P. major ssp. major 0.18 0.19 0.10 0.26 0.18 0.27
P. medi a - — 0.36 0.35 0.36 0.40
NC = loose soil LT = l ig h t ly  trampled
MC = moderately compacted soil MT = moderately trampled
SC = strongly compacted soil HT = heavily tramoled
3. DISCUSSION
In the study reported in this paper, the effects of soil compaction alone and 
of trampling and compaction in combination were investigated on the performance 
of four P l an t ago  species. This experimental approach was chosen because, in 
the f i e ld ,  compaction can be the result of trampling or other factors such as 
ra in fa l l  and fluctuations in the groundwater level (e.g. Hegarty & Royle 1978; 
Blom et a l.  1979). Increasing compaction 1 ed to a decrease in the vertica l growth
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of the root systems of a ll species under study (Fig. 1). Many authors have discussed 
this phenomenon, especia lly  in the agricultural l i te ra tu re  (e.g. Schuurman 1971; 
Taylor 1974). Mechanical compression of elongating roots results in shorter and 
wider ce l l s ,  which is probably an e ffect of endogenously produced ethylene (Barley 
1976). Thick roots in comoacted soi 1 s were also described by Abdal 1 a et a l. ( 1969). 
Soil compaction may increase the internal resistance to water flowwithin the roots 
(Whi te 1975). Thi s author suggested that compacti on affects the exchange of materi al 
between roots and tops, which could lead to reduced plant growth. The experiments 
presented in this paper also showed that the root systems of a ll species were 
shorter in the trampled than in the untrampled series. This reduced growth is 
probably due mainly to the i ncreased soi 1 compacti on caused by the trampl ing regimes 
(see Progress Report 1977). The movement of the soil partic les under trampling 
can cause wounding of the roots, which is especia lly  l i ke l y  in dry sandy soi l s .  I t  
is well known (e.g. Barley 1976) that a fte r  wounding the endogenous production of 
ethylene increases, which in turn results in broader and shorter roots.
The negati ve effects of compacti on al one and of combi ned trampl i ng and compacti on 
on root elongation were the largest for P. media and the smal 1 est for P . coro-  
nopus (Fi g. 1).
The drawings of the rooting patterns of P.ma.jor and P . coronopus  agree 
reasonably well with the values for the biomass d istribution over the three 
successive soil 1 ayers (see Fi gs. land 2). Between the three layers in the loose 
so i l ,  there were only small differences in the width of the root system of 
P . 1 anceol  a ta , but at increasing depth there was a sharp drop in the biomass of 
the roots of this species, which means that the root density in the upper soil 
layers was much higher than in the lower ones. Increasing soil compaction caused 
by the light trampling regimes on the loose so i l s ,  also resulted in a re la t iv e ly  
high root density for P. media (see Figs. 1 and 2). Changes in root density 
may affect the plant 's a b i l i t y  to compete for nutrients (Andrews & Newman 1970). 
Mineral analyses of shoot and root material of the plants grown in the various 
plots wi l l  be made in the near future to obtain an impression of the effects of 
competition caused by di fferent root densi ties and, especi al ly  i n case of P .ma jo r  
and P . 1 a nee o 1 a ta , the intermingling of root systems.
Compared wi th the untrampled series , 1 i ght and heavy trampl ing caused an increase 
in the shoot-root ratio  of P. major  (Table 1), due mainly to the increase in 
the shoot bi omass under trampled condi t i ons. Thi s surprisi ng reacti on of P. major  
is probably to be ascribed to the occurrence of root competi t i on i n this experiment. 
As can be seen in Photos la , b and Fig. 1, the 1arge root systems of the P. 1 an­
ceol  ata plants growing in the loose soi ls penetrated strongly into the soil 
volume reserved for P .ma jo r .  This suggests that P . l a n c e o l a t a  may negati vely 
affect the growth of P. major .  In the trampled plots the interference between 
the roots of these two species appeared to be much smaller.
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Under the condi t i ons of thi s experiment the enhanced root e f f i  ciency of P .ma jo r  
in trampled so ils  may be ascribed, on the one hand, to the absence of competition 
and, on the other, to the better water supply in compacted soi ls.  In a recent paper 
Newbery and Newman (1978) reported on the effects of root competition between 
P . l a n c e o l a t a  and some other species. These authors concluded, however, that 
root competi t i on on a nutri ent-poor soi 1 may promote the coexi stence between species.
Compared with the untrampled series, trampling had a positive e ffect on the 
numbers of spikes of P . coronopus  and P .ma jo r  (Fig. 3). In the case of 
P . l a n c e o l a t a ,  l igh t trampling resulted in more spikes. Increasing compaction 
as well as increasing tramp 1 i ng reduced the numbers of spi kes of both P . l a n c e o ­
l a t a  and P . coronopus .  Another e ffect of trampling was a reduction in the 
length of the spikes of a ll soecies (Table 2),  which influenced seed production. 
The strong reduction of spike length in P . l a n c e o l a t a ,  even under the light 
trampling regime, was remarkable. For thi s species and for P. media,  mechanical 
damage under a heavy trampling regime meant that no seeds were produced in the 
upper parts of the spikes. The effects of the various degrees of compaction and 
of the d ifferent trampling regimes on the numbers of spikes were the largest for 
P . l a n c e o l a t a  and P . coronopus and the smal lest for P .ma jo r  and P.media,  
as previously found for the diameters of the rosettes (Blom 1978b).
Trampling and compaction also influenced the weights of the seeds of the 
P l an tago  species (Tabl e 3). Seeds of P . l a n c e o l a t a  were 1 i ghter at i ncreasi ng 
trampling i ntensi t y , whereas the weight of the seeds of P. major  and P. media 
increased under these conditions. Only s ligh t effects of trampling on the weight 
of P . coronopus seeds were observed, but increasing compaction caused an 
increase in the seed weight of this species. Changes in seed weight due to di fferent 
environmental conditions were observed for other species by Salisbury ( 1974). To 
understand the meaning of these observations, research on the seed distribution 
and the germination capacity in relation to seed weight under f ie ld  conditions 
wi l l  be necessary. Preliminary tests indicated that the germination capacity of 
seeds from trampled P . l a n c e o l a t a  and P.media plants was lower than that 
of the untrampled individuals.
In conclusion, i t  can be stated that the root development of the species under 
study was strongly affected by the effects of soi 1 compacti on. The addi t i onal effects 
of trampling on the root systems were probably caused mainly by the increasing 
compaction of the trampled soi l s .  The shoot-root ratios (Table 1) suggest that 
P. major  ssp. major  and P . coronopus plants have root systems which are 
more e ffective  under trampled conditions than in the absence of trampling.
Negati ve effects of soi 1 compacti on on seed producti on were cl early demonstrated. 
This reduction in seed production must be ascribed to the reduced v i t a l i t y  of the 
pi ants in compacted so ils . A d irect e ffect of trampling on the seed production of 
P . l a n c e o l a t a ,  P. coronopus,  and P .ma jo r  was observed. For reasons unknown,
P. media flowered very poorly on the loose and moderately compacted soi l s ,  and 
therefore, for the time being, no meaning can be assigned to the re la t iv e ly  high 
seed production of this species in the strongly compacted and heavily trampled 
so i1s .
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EFFECTS OF TRAMPLING AND SOIL COMPACTION ON 
THE OCCURRENCE OF SOME PLANTAGO SPECIES
IN COASTAL SAND DUNES
VI. The vegetation of two dune grasslands in
relation to physical soil factors*
C.W.P.M. BLOM, L.M.F. HUSSON and V. WESTHOFF
SUMMARY
To study the effects of tramp! ing and soi 1 compaction on the occurrence of four 
P l an t ago  species, the vegetation of two coastal dune grasslands in the south­
western part of the Netherlands has been described. One of these grasslands is 
grazed by ca tt le  and the other in tensive ly  trampled by people.
The d istribution of P l an t ago  coronopus,  P . 1 anceol  a ta , P .ma jo r  ssp. 
major  and P .ma jo r  ssp. p l e iosperma was investigated in relation to the 
soil characteristics  pore volume, resistance, moisture and organic matter.
P. major  ssp. major  is able to grow in heavily trampled, compacted soi 1 s . 
P .ma jo r  ssp. p l e i osperma  occurs mai nly under envi ronmental condi t i  ons whi ch 
are unstable due to irregu lar fluctuations of a high water table.
P. coronopus has been observed in compacted dry so ils  which are poor in 
organic matter. Two types of P. 1 anceol  ata  were distinguished; the f i r s t  type 
occurs in the mesosere on moderately trampled sites and the second type can be 
found on l ig h t ly  trampled sites in the xerosere.
* Grassland Species Research Group Publication No. 9. Submitted for publication
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1. INTRODUCTION
The soecies composition of many semi-natural grasslands in the coastal areas of• I ^ ^
the Netherlands is highly influenced by ca tt le  grazing or walking by people. More 
insight into the factors which are affecting the vegetation is important not only 
from the ecological point of view but also as regards nature conservation management. 
Although the influences of ca tt le  grazing and walking by people may be rather 
d ifferent (Crisp 1964; Duffey 1967), common effects of both are trampling and 
soil compaction.
In this series of papers (Blom 1976, 1977, 1978a, b, 1979 and this paper) a 
study on the effects of trampling and soil compaction on the occurrence of four 
P l an tago  species in coastal dune grasslands is described. The P l an t ago  
species were chosen since the d istribution of P .ma jo r  ssp. major  is thought 
to be pos it ive ly  correlated with the environmental factors of trampling or soil 
compaction (e.g. Oberdorfer 1970, 1971). I t  was considered useful to compare the 
occurrence of this taxon with that of some closely related species in the same 
genus and with a sim ilar l i f e  form. The study can be divided into three parts, 
one at the phytosociological level (th is  paper), the second at the experimental 
level under f ie ld  conditions and the third at the experimental level under 
laboratory conditions. The aim of the experimental studies is to determine in 
detail the combined and separate effects of trampling and soil compaction on the 
behaviour of the species during a l l  the stages of the ir  l i fe-cyc le . The effects 
on germination, emergence,seedl ing establ ishment, growth and seed production have 
been published already in previous papers (Blom 1976, 1977, 1978a, b, 1979).
Syntaxonomical investigations of pi ant communities in f l  uenced by grazing or by 
public pressure have been rendered by many authors (e.g. Boerboom 1957; Ellenberg 
1963; van der Maarel 1966a, 1978; Sissingh 1969 ; Oberdorfer 1971). Other authors 
studied the reaction of single species or part icu lar  communities on these 
environmental factors ( e . g. Goldsmith et a l . 1970; Burden & Randerson 1972 ; Liddle 
& Greig-Smith 1975b; Blom 1976, 1977, 1978a, b, 1979; Boorman & Fu lle r  1977; 
Crawford & Liddle 1977).
In l i te ra tu re ,  there has been l i t t l e  attempt to synthesize studies at the 
phytosociological level with studies at the experimental level .  With reference to 
the effects of trampling, the work of Liddle & Greig-Smith (1975b) is one of the 
few examples in which a phytosociol ogi cal approach i s supported by an experimental 
approach on a single species ( F e s t u c a  r u b r a ) .
This paper is in three sections. F i r s t ly  a survey wi l l  be given of the plant 
communities occurring on the "Westduinen", a more or less intensive ly grazed 
dune grassland on the island of Goeree. The aim of this approach is to determine 
the phytosoci ol ogi cal position of P l an t ago  major  ssp. ma jor ,  P. major  
ssp. p l e i o spe rma ,  P . l a n c e o l a t a  and P. coronopus.
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Secondly, the effects of public pressure on the vegetation of the "Heveringen", 
a dune grass 1 and on Voorne (north of Goeree) are also described and compared with 
the vegetation of s im ilar, but grazed, areas. In the third section attention is 
paid to the relation between distribution patterns of P l an t ago  species in the 
dune grasslands under study and the soil factors, compaction, moisture and organic 
matter.
In this series of papers (Blom 1976, 1977, 1978a, b, 1979 and this paper) an 
attempt is made to understand the occurrence of P l an t ago  species and the ir  
communities with the help of experiments under controlled conditions.
2. THE STUDY AREAS
Studies were made of two dune grasslands, on the islands of Voorne and Goeree 
(the south-west Netherlands). Dune grassl ands can be found on the stabilized parts 
of coastal sand dune areas. Unless the habitat is very poor in lime (Westhoff 
1971), they are characterized byalow,  dense and species-rich vegetation with a 
re la t iv e ly  high d ive rs ity  in structure and many gradients in edaphic factors 
(see Westhoff 1947; van der Maarel 1966a, b; Boorman 1977). The landscape of the 
areas investigated is characterized by low h i l l s  with rounded tops, generally 
not exceeding 6 m above sea level ,  and shallow slacks formed by blowouts down 
to the ground-water 1 eve l . On Goeree, the "Westduinen" is an examp 1 e of a stabi 1 ized 
grazed dune grassland with a high fluctuating water table; in winter the slacks 
are waterlogged. From May until October the area is grazed by ca tt le  and horses 
(about 60 animals each year on 176 ha). F e r t i l iz e rs  are applied in a small part 
of the "Westduinen".
The second dune-grass1 and complex, the now ungrazed "Heveringen" on Voorne, 
was extensively grazed until 1930, mainly by goats. This area has been open to 
the public for about 20 years and during spring and summer the pressure by walkers 
can be very high. Due to the effects of drainage by local cu lt iva tions, the 
phreatic level of the "Heveringen" is considerable lower than in the "Westduinen". 
Only in very wet years are the lowest parts of this area submerged. Rabbits have 
been observed in both areas, al though they are far more numerous in the "Heveri ngen". 
The "Heveringen" belongs to a Nature Reserve owned by the Foundation "Het Zuid- 
Hollands Landschap". The "Westduinen" is a private area owned by the Polder 
Administration of Goeree. More detailed descriptions of the "Westduinen" have 
been given b ij Weevers (1940), Westhoff et al (1961), Blom & Willems (1971), and 
of the "Heveringen" b ij van der Maarel & Westhoff (1964).
95
UD
en
The "Westduinen" on Goeree
3. METHODS
In order to obtain a phytosociological description of the two areas, relevés 
were made according to the Braun-Blanquet approach (Braun-Blanquet 1964) with 
the refinements proposed by Barkman et a l. (1964). To cover the greater part of 
the vegetation types of the "Westduinen", 18 transects were chosen in which a 
total of 150 relevés were made. In the "Heveringen", 16 transects with 150 plots 
have been analysed.
Fol lowi ng the methods as described by Shimwell ( 1971), Westhoff & van der Maarel 
(1973), Muel1er-Dombois & Ellenberg (1974),and Moravec (1978) the relevés were 
aggregated in primary tables transect by transect for each area and then rearranged 
in synoptic tables, which are presented in this paper.
To obtain insight into the effects of tramp 1ing on the physical characteristics
oof the so i l ,  a number of soil factors were determined. At each relevé (4 m ) two 
soil samples (depth 1-6 cm) were collected in order to determine the organic matter 
and the soi 1 -moi sture content. To get an impression of the compacti on of the so i l ,  
resistance was determined by means of a penetrometer (each relevé 10 measurements 
at 5 and 10 centimetres below soil surface). The pore volumes from 3 to 7 centi­
metres below the soil surface were also determined with a vacuum a ir  pycnometer 
according to Langer (three measurements per s i t e ) .  In a part of the "Westduinen" 
the factors mentioned were measured at random points to analyse the d istribution of 
P . l a n c e o l a t a  in relation to physical soil factors. The results of the la t te r  
investigations wi l l  be published in a la te r  paper (Noë & Blom, in preparation).
For the nomencl ature of the hi gher pi ants the Flora of the Netherlands (Heukels 
& van Ooststroom 1975) is followed. The mosses have been identif ied  with Margadant 
( 1959), and the lichens with Hennipman& Sipman ( 1978), Duncan (1970), and Poelt 
(1969). I f  the plant communities described (coena) correspond wi th certai n syntaxa 
in the Braun-Blanquet system (cf .  Westhoff & den Held 1969), these syntaxa are 
mentioned for the respective communities. For certain communities, no syntaxon 
is mentioned. This indicates that the coenon concerned is transitional between 
d ifferent syntaxa.
4. RESULTS
A. The v e g e t a t i o n  of  the "Wes tdu inen "  on Goeree
Due to differences i n level between the ground water and the soil surface, the 
vegetation of the "Westduinen" can be divided into communities belonging to the 
hygrosere, with species growing on mostly water-saturated soi l s ,  to the mesosere 
with species occurring on soi 1s that are moderately wet as a resu lt of cap il la ry  
r ise ,  and the xerosere with plants growing on re la t iv e ly  dry soi l s .  According to
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Londo (1971) the species of the hygrosere and the mesosere can be taken together 
as phreatophytes. Since the "Westduinen" is characterized by a f 1uctuating ground­
water level ,  the wet areas present a more dynamic (with reference to the factor 
soil moisture: unstable) character than the humid or dry s ites . F i r s t l y , the coena 
of the hygrosere and the mesosere w i11 be described. The releves are arranged in a 
synoptic table (Table 1). Secondly, the coena of the xerosere wi l l  be described 
(Table 2). A survey of the probable relationships between these coena is given in 
Scheme 1. Soil characteristics  of the various coena are given in Table 4a and 4b.
Descri gti on of the_coena_from_the_hygro-_and_mesosere_(Iable_l]
Coenon 1. Community of P o t e n t i l l a  a ns e r i n a  and A g r o s t i s  s t o l o n i f e r a
On the "Westduinen" this coenon can be found in the lower parts of the slacks. 
The sandy soi 1 is rich i n organi c matter and due to a hi gh fl uctuati ng phreatic level 
is mostly water saturated (Table 4a). Thi s coenon bel ongs to the a l l i anceAgropyro- 
Rumicion c r i s p i ;  the observed character-and d if fe ren t ia l species are P o t e n ­
t i l l a  a n s e r i n a ,  Leontodon autumnal i s ,  Juncus  a r t i c u l a t u s ,  A g r o s t i s  
s t o l o n i f e r a ,  and Ranunculus repens .  P l an t ago  major  ssp. p l e iosperma 
occurred in hal f  the releves and loca l l y  P .ma jo r  ssp. major  was found.
Coenon 2. Community of Centunculus  minimus and Juncus  bufon ius
This coenon occurs on s ites inwet slacks which are heavily trampled by ca tt le  
and have thus the greater part, bare soi l .  Due to the low organic matter content 
the water ava i l ab i l i t y  and the soil resistance are re la t iv e ly  low (Table 4a). The 
1 ow val ues of the pore volume are an indication of the intensi ve trampling acti vi ties 
on these s ites . This coenon represents a number of character-and d if fe ren t ia l taxa 
of the a ll iance  Nanocyper ion f 1 a v e s c e n t i s  , viz.  Gnaphal ium u l i g i nosum,  
Juncus  b u f o n i u s ,  Centunculus  minimus and Ra d i o l a  l i n o i d e s  (see
Table 1). Furthermore, in a l l  releves P .ma jo r  ssp. p l e iosperma was observed.
Coenon 3. Community of Carex s e r o t i n a  and S a l i x  repens
Besides the two species mentioned above this coenon is characterized by the 
occurrence of Eurhynchium praelongum,  F i s s i d e n s  a d i a n t h o i d e s , Carex 
t r i n e r v i s ,  H y d r o c o t y l e  v u l g a r i s ,  and Gal ium u l i g i nosum.  This coenon 
can be found in the higher s ites in the slacks and the f lo r i s t i c  composition 
depends on the grazing intensity as well as on the distance between the ground­
water table and the soil surface (cf .  van der Laan 1979). At increasing grazing 
pressure, S a l i x  repens disappears, whereas Carex s e r o t i n a  is resistant 
to trampling by ca tt le .  A re la t i  vely hi gh organic matter content has beenmeasured. 
Due to the dense root layer, the pore vol ume val ues are rel ati vely hi gh (Tabl e 4a). 
The sites on which this coenon can be found are submerged in wet winters.
TABLE 1. Synoptic table of the hygrosere and mesosere of the "Westduinen"
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10 9 6 11 16 9 11 4
P o t e n t i l l a  anser ina .......................... 100( r -2 )  5 6 ( r-2 83(r-+) 46(1) 19(+-1 ) 22(+-1 ) 55(r - 1) 75(+-1)
Tri  f o l i  urn repens ................................. 100(1-4 67(1-2 83(r-+) 64(+- l ) 44(+-1 ) 44(r-+)  9 1 ( r - + ) 100(+-1)
Leontodon autumnal i s  ........................ 90(r-2 56 ( — 1 17( + ) 6 4 ( r - 2 ) 44 ( r - 2 ) 4 4 ( r-+ ) 36(+-2) 100(+-2)
Ranunculus repens ............................... 50 ( — 1 100(1-2 50(+-2) • 13( + ) 44(+-1) 55 (r -2 )  100(+-1)
Hydrocotyle v u lg a r i s  ....................... 80(+-1 78(r-1 100(1-2) 46(1) 25(1) 33( 1-2) 7 3(+-2)
Ranunculus flammula .......................... 70(r-1 78(+-2 33 ( + ) 18( + ) 19(r-+) 11 ( r  ) 18( + ) •
Cal 1ie rg o n e l la  cuspidata .............. 80(1-3 100(2-4 83(+-1) 46( + ) 19(1) • 64(+-1 ) 25(r )
Juncus a r t i c u l a t u s  ............................ 80(r-1 56(2) 50 ( + ) • • • 27( + ) •
Agrost is  canina ................................... 10( + ) 100(+-2 83(+-1) 46(+-1 ) 13(1) • 45(+-1)
Agrost is  s t o lo n i f e r a  ....................... 100(2-5 40(1-2 • • 6(2) • • •
Geli  um pal us t re  ................................... 60(+-l 62(+- l 33(1) • • • 18(1) •
Poa annua ................................................. 70(+-2 100(+-2 • • 19 ( i—+) • •
Sagina procumbens ............................... 40(r-+ 78(+-2 33 ( r ) 9( + ) 13 ( r ) 22(+-1) 36(r) 25 ( r  )
Mentha aquat ica  ................................... 33 ( r  ) 83(+-1) 36(1-2) 6( + ) 22 ( r  ) • •
Plantago major ssp .  pleiosperma 50(+-2) 100(2-3 • • • • 9( + ) •
T r i folium fragiferum ....................... 10(3) 22(1-2 • • • • • 50(+-r)
T r i folium dubium ................................. 30 ( + ) 56(+-1 • • • • • •
Gnaphalium uliginosum ..................... • 100(r-1 • • • • • •
Juncus bufoni us ................................... • 100(1-2 • • • • 9 ( r ) •
Centunculus minimus .......................... • 100(+-1 33( + ) 27(r-+) • 22(+-1) 27(r-+ ) 25(r )
Radiola l in o id e s  ................................. • 56(r-+ • 46(+) 13(r-+) • 18 ( r  ) •
Carex t r i n e r v i s  ................................... 80( + ) 44(+) 83( + ) 82( r -2 ) 25(+-2) 11(2) 45(r-+)
Eurhynchium praelongum ................... 10(1) • 100(+-2 ) 73(+-1 ) 56(+-1) 44(+-2 ) 82(+-2) 75( h— 1)
S a l i  x repens .......................................... 20(+- i ; 11( + ) 50 +) • 25(1-3) 22 (r-+ > 27(+) •
Carex se ro t in a  ...................................... • • 83(+) 18(r-+) 6 ( + ) • 45( + ) •
F i s s id e n s  adianthoides ................... • • 50(r-+) • • 11(2) 27 (r-+ )
Bryum pseudotriquetrum ................... • • 17( + ) 64(+-l  ) 6( + ) 44(1-2) 18( + ) •
Galium uliginosum .............................. • • 33(+) • 19 ( + ) • 1 8 ( r - l )
Linum cathart icum ............................... • 33(+-1) 100(+-1) 3 8 ( r - 1) 56 (+ - l )  36(+-1)
G e n t ian e l la  campestris  ................... • • • 55(2) 6 ( + ) 11(2) • •
G e n t ian e l la  amarel la ........................ • • • 45(1) • • • •
Carex panicea ........................................ • • • 45(+-2) 3K+-2) • • •
S i e g l i n g i a  decumbens ........................ 50 ( h—2 ) 11( + ) 100(3-4) 100(2-4) 100(2-4) 100(2-4) 82(1-4 50(2)
Potenti  I l a  e recta  ............................... 40(r-+) 11 ( r  ) 83(1-2) 100( h— 2) 56(+-2) 44(+-1) 55(1-2 •
Vio la  canina .......................................... • • 67(r-+) 100(+-1) 100(+-2 ) 44(r-+)  55(r-2 •
Euphrasia o f f i c i n a l i s  ..................... 20 ( + ) • 17 (+) 6 4 ( r - 1) 56( r -1 ) 56(r-+ ) 27(+-1 •
Polygala v u lg a r i s  ............................... 10 ( r ) • 33( + ) 36 ( + ) 31(r - 1) 89(r-+)  36(r-+ •
Spiranthes  s p i r a l i s  .......................... • • 50(r-+) 36 (+) 13(+) 100(+-1) 27 ( r-+ •
Carex f i a c c a  .......................................... • 22(+) 100(+-? ) • 38(r —1 ) 100(+-1) 73(+-l 50(r-+)
B r iz a  media ............................................. » • 50(+-1) 9( + ) 13(+) 100(+-2) 27 ( r-+ •
Prunel la  v u lg a r i s  .................
Leontodon n u d ica u l i s  ..........
B e i l i s  perennis .....................
Luzula campestr is .................
Cerastium holosteoides  . . .  
Rhytidiadelphus squarrosus
Lotus co rn icu la tu s  ..............
Hieracium p i l o s e l l a  ............
Climacium dendroides ..........
Anthoxanthum odoratum . . . .
Agrost is  tenuis  .....................
Festuca rubra ..........................
Plantago lanceo la ta  ............
Galium verum ............................
P o t e n t i l l a  reptans ..............
Lolium perenne ........................
Taraxacum s e c t .  Vulgar ia  .
Holcus lanatus ........................
Hypochaeris rad ica ta  ..........
Tr i  foliurn pratense ..............
Plantago major ssp .  major
Rumex a c e t o s e l l a  ...................
Ranunculus bulbosus ............
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The percentages and cover of the spec ies  are given between the b ra ck e ts .  The other f igures  in d ic a te  the 
number of  the coena in which the spec ies  were found
Coenon 4. Community of G e n t i a n e l l a  campes t r i s  and Linum c a t h a r t i c u m
Besides the above menti oned two species, G e n t i a n e l l a  a m a r e l l a  and Carex 
pan i cea  are also important species within this coenon. Two separate habitats in 
which this coenon occurs can be distinguished (Table 4a). The f i r s t  one is 
characterized by a high moisture level and a high organic matter content. Grazing 
is nearly absent, resulting in a re la t iv e ly  high pore volume. The second one is 
much d r ie r ;  the organic matter content appeared to be low and the soil is l ig h t ly  
trampled resulting in a lower pore volume.
Coenon 5. Community of S i e g l i n g i a  decumbens and V i o l a  can ina
This coenon is present on sites which dry up re la t iv e ly  quickly during the 
summer. In winter the soil is moist but not submerged. The grazing intensity  on 
these s ites is generally high, resulting in a low vegetation layer, a low organic 
matter content, a re la t i  vely 1 ow pore volume and a high soil resistance (Table 4a).
This coenon belongs to the a ll iance  V io l  ion can inae  and the observed 
character species are the two above menti oned species wi th Euphras i a  o f f i c i n a ­
l i s  and P o l y g a l a  v u l g a r i s .  Locally Bo t r ych ium l u n a r i a  was found.
Lower trampling in tens it ies  resu lt in less compacted so ils  with a decrease in 
cap il la ry  r ise . On such s ite s ,  species of the xerosere invade. Such stands can be 
considered as a transition to the xerosere.
Coenon 6. Community of S p i r a n t h e s  s p i r a l i s  and B r i z a  media
This coenon is characterized by the combination of the species S p i r a n t h e s  
s p i r a l i s ,  B r i z a  media and Carex f l a c c a .  Its  occurrence is limited to 
gradients at the edges of slacks with a high moisture content in winter but a 
re la t iv e ly  low moisture level in summer. These moderately grazed sites represent 
zones between the meso- and xeroseres.
Coenon 7. Community of P r u n e l l a  v u l g a r i s  and Luzula  campes t r i s
This coenon occurs on fe r t i l iz e d  sites of the "Westduinen". The human impact 
( f e r t i l iz in g )  can be considered as the major factor in determining the f lo r i s t i c  
composition of the vegetation. The influence of the large spread in moisture content 
(Table 4a) w i11 be re la t iv e ly  small. Differences in grazing in tens it ies  have been 
observed. In general this coenon can be considered as a transition between the 
coena 5, 6, and 8 of the mesosere.
Coenon 8. Community of Lo l ium perenne and Holcus l ana tus
This coenon can be found on s ites with a high grazing in tens ity , and belongs to 
the Poo-Lo l i e tum (a ll iance  Agropyro-Rumic ion c r i s p i ) .  The following 
character- and d if fe ren t ia l species were observed: T r i  f o l i um  repens ,
99
Ranunculus r epens ,  Lol ium perenne ,  Taraxacum s e c t .  V u l g a r i a  and 
P l an tago  major  ssp. major .  Due to a rel ati vely hi gh organi c matter content, 
the pore volume values are in general moderate. Only on very in tensive ly  trampled 
sites are the pore volume values very low. P .ma jo r  ssp. ma jor ,  Tr i  f o l i um 
repens and Taraxacum s e c t .  Vu 1 gar i  a are resistant to these heavy trampling 
regimes (see Section C of this paper).
Description of thecoe_n_a_from_t_h_e_xerosere__o_f_theJ1We_s_t_d_u_i_nenj{ Tab 1 e_2_and_S_c_h_e_m_e_ 1}
In the xerosere the Ai r o -Car i  ceturn a r e n a r i a e ,  described by, for example, 
Westhoff et a l. (1961), vanderMaarel ( 1966a), and Westhoff&den Held (1969) is 
represented in the coena 10 to 14.
The differences in structure and f lo r is  t ic  composition between the coena are 
caused partly by vari ati ons i n aspect of the soil surface and, thus, bythemicro- 
cl imatol ogical di f fe ren t ia t io n . Furthermore , di fferences are due to various degrees 
of soil compaction resu lt ing in  differences in moisture availabi 1 i ty  (Blom 1976). 
The trampling intensi ty appeared to be important for the establishment of seedlings 
as demonstrated for the P l an t ago  species by B1 om ( 1977). Other factors i nduci ng 
differences in the f lo r i s t i c  assemblage of the vegetation are the organic matter 
content of the soil and the degree of s tab i1ity  or in s tab i1i ty  due to differences 
in grazing frequencies during the year and between several years.
Coenon 9. Community of T o r t u l a  r u r a l i s  and Phleum arenar ium
This coenon is identical wi th the associ ati on To r t u l  o-Ph 1 ee turn a r e n a r i i .  
I t  can be observed on sites with a high degree of rabbit grazing which induces an 
open vegetation. The organic matter content and the moisture level are very low as 
are the penetrometer values; the val ue of pore vol ume i s re la t i  vely high (Table 4b).
Coenon 10. Community of Corynephorus canescens and C o r n i c u l a r i a  a c u l e a t a
The greater part of the neutral to mildly acid and loose soil on which this 
coenon can be found, is covered by Corynephorus canescens accompanied by 
C o r n i c u l a r i a  a c u l e a t a  and several C l adon i a  species. This coenon occurs 
mostly on south-facing slopes and the soil dynamics result in a small amount of 
organic matter.
On tops of smal 1 dunes on which sand movements are frequent, and on steep slopes 
exposed to the south an open Cory ne oh orus - vari ant can be found. In this 
variant, besides Corynephorus canescens few species of coenon 9 are able to 
germinate and to establish themselves. Depending on the reaction of the soil the 
open Corynephorus- variant may fade into the coena 9 or 10. These coena can be 
considered-as transitions to the a ll iance  Ga 1 i o-Koe 1 e r i  on .
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TABLE 2. Synoptic table of the xerosere of the "Westduinen"
Coenon
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Rumex acetosella ....................... 30(r-+) 38( ï— 1 ) 100(+-2) 91(+-2) 100(+-1) 100(+-1) 100(+-1)
Carex arenaria ........................... 50(+-l) 100(+-3) 100(r-2) 100(+-3) 50(+-l) 60(+-l) •
Aira praecox .............................. io (+) 100(+-3) 80(+-3) 81 (h—2 ) 25(r-+) 100(+-2) •
Galium verum .............................. 20(r-+) 50(+-2) 30 ( h— 1 ) 54(+-1 ) 100(1-2) 100(r-+) 100(+-2)
Agrostis tenuis ......................... 12(r-+) 60(+-2) 82(+-3) 100(2-3) 100(+-1) 100(+-3)
Anthoxanthum odoratum ............... 62(+-1) 90(1-2) 100(r-2) 100(+-2) 40(r-+) 10 ( r )
Hypochaeris radicata ................. 31(r-2) 60(1-2) 100(+-2) 100(+-2) 60(+-2) 100(+-1)
Luzula campestris ...................... 37(» 2) 40( + ) 91(1-2) 100(1-2) 80(r-+) 70(+—2)
Cerasti um arvense ...................... 25 ( »— 1 ) io (+) 54(r-+) 83(+-1) 100(r-+) 70(+-1)
Festuca rubra ............................ 31(1-2) • 63 (h— 1 ) 100(1-2) 100(+-1) 100(1-2)
Hypnum cupressiforme ................. 25(2-4) • 63 ( h—2 ) 100( h— 3) 100(r-+) 60(+-2)
Corynephorus canescens ............. 100(+-4) • • •
Cornicularia aculeata ............... 75(h 2) 100(+-2) 45(r-+) •
Tortula ruralis ......................... 100(+-2) • • •
Phleum arenari um ....................... 90 ( h— 1 ) • • •
Sedum acre ................................. 80(+-3) 12(1-2) • 100(1-2) 40(+—2)
Erodi um glutinosum .................... 90 ( h— 1 ) • • 20 ( + )
Lecidea granulosa ...................... • • 100(+-3)
Lecidea uliginosa ...................... • • 60(+-1)
Cladonia portentosa .................. • • 90(+-3) 9(+)
Cladonia foliacea var. foliacea io (+) 75 (h 1 ) 60 (+) • 16(+-1)
Cladonia rangiformis ................. 10 (r) 6(1) 20 ( h— 1 ) 9(1) 25(h 1 )
Cladonia furcata ....................... 50(+-2) 90(1-2) 91(+-2) 83(+-2)
Cladonia arbuscula var. arbuscula 25 ( h— 3 ) 90(+-3) 63(1-2) •
Cladonia coniocraea .................. 12(r-+) 80(+-3) • 100(+-1 )
Cladonia chlorophaea ................. 38(+-2) 90(f-2) 36 ( + ) •
Cladonia glauca ......................... 12( + ) 100 ( h— 2 ) • •
Cladonia floerkeana .................. 25(2-3) 40(+-3) • •
Cladonia pityrpa ...................... • 4nr+-n\  i 9Ì + Ì% # •
Dicranum scoparium .................... 62(+-4) 100(2-3) 100(1-5) 91(+-1)
Jasione montana ......................... 6 ( r) 40(r-+) 7 3 ( h 1 ) •
Poa pratensis ............................. • • 41(+-1) 20( + )
Carex fiacca .............................. • • 27 (+) 8( + )
Poa annua ................................... • • 18( + ) 16(r-+) 20 ( + )
Thymus pulegioides ................. • • • 100(+-2) • •
Ononis repens ......................... 12(1-2) 10(+) 45(1-2) 100(1-2) • 50(n-+)
Hieracium pilosella ............... .. 10(+) 25(r-l) 10(+) 6 3 ( )— 1 ) 100(1-2) • 20(+-1 )
Koeleria cristata .................. 37(h 2) 45 ( h— 2 ) 91(+-1) •
Polytrichum juniperinum ........ 12(+-1 ) 54(+-2) 91(+-1) 40(+-1)
Lotus corniculatus ................. 81 ( h—2 ) 91(+-1) •
Sieglingia decumbens ............. 74(r-2) •
Helictotrichon pubescens ....... 50(1-2) •
Taraxacum sect. Erythrosperma • • • 58(r-+) • 10 ( r)
Plantago lanceolata ............... 91(+-2) • 70 ( »—+ )
Vicia lathyroides .................. 100(+-1) 70(r-+)
Aphanes microcarpa ................. 100(+-1)
Trifolium arvense .................. 100(+-1)
Cerastium semidecandrum ........ .. 40( h— 1) 38 ( + ) 100(+-1)
Ceratodon purpureus ............... 20(+-1) 43(1-2) 27(+-2) 100( h— 2 )
Bromus mollis ......................... .. 30( h— 1) 18 ( H— 2 ) 100(+-2)
Teesdalia nudicaulis ............. 18(+-1) 19(+) 100(+-1)
Polytrichum piliferum ............ 31(1-2) 40 ( + )
Tri fo li urn dubi urn .................... • 80 (+)
Trifolium campestre ............... • 40 ( + )
Trifolium micranthum ............. • 40( + )
Trifolium scabrum .................. • 40( + )
Plantago coronopus ................. • • 100(1-4)
Beilis perennis ...................... • • 100(+-2)
Loli um perenne ....................... # 9( + ) • 100(+-2)
Rhytidiadelphus squarrosus ... 6( + ) 50 ( + ) 40(+) 100(+-2)
Ranunculus bulbosus ............... 6(1) 58(+-l) 60(+-1 ) 100(+-1)
Rhacomitrium canescens .......... 18(r-2) 9( + ) 80(+-3) 90(1-3
Cynodon dactyl on .................... 20 ( + ) 100(1-3)
Trifolium repens .................... 70 (h 1 )
Bryum capillare ...................... 70(h 1 )
Prunella vulgaris .................. 50(r-+)
Tri fo li urn stri atum ................. 40 (+)
Climacium dendroides ............. 40 ( + )
Addenda: Erodium glutinosum 10 (6, 5) Ornithopus perpusillus 13 (16, r-1)
Eryngium campestre 12 (9, +) Cerastium hol osteoides 13 (10, 2)
Briza media 13 (25, +-1) Gerani um mol le 13 (20, r)
This coenon is characterized by dead tussocks of Corynephorus canescens ,  
frequently present on the steep south-facing slopes. On these dead tussocks, 
Lec idea  g ranu losa  and L . u l i g i n o s a  are growing. Furthermore, manyCl adoni  a 
species, A i r a  praecox and Rumex a c e t o s e l l a  occur on these s ite s ,  where 
grazing is nearly absent. On the open sites wi thin this environment,several species 
of winter annuals are able to complete the ir  l ife-cyc le  while the land is not 
being grazed by cattl e . These species (e.g. A r e n a r i a  se rpy l  1 i fo l  i a , Carda- 
mine h i r s u t a ,  Ceras t i um semidecandrum, E r o p h i l a  verna and S a x i f r a g a  
t r i  d a c t y l  i tes ) are very vulnerable to trampling.
Coenon 12. Community of Dicranum scopar ium and J a s i o n e  montana
This coenon occurs as a terminal vegetation on ungrazed steep slopes exposed to 
the north. A prerequisite for a develoDment to this vegetation is a re la t iv e ly  
dry and s i ig h t ly  acid soi l .  Besides the species whi ch have been mentioned, Carex 
a r e n a r i a ,  Anthoxanthum odoratum and Hypochaer i s  r a d i c a t a  are also 
frequently present on these s ites .
Coenon 13. Community of Thymus p u l e g i o i d e s  and Ononis repens
This coenon can be assigned to the a ll iance  Ga 1 i o -Koe 1 e r i o n  and proceeds 
from the coena mentioned in the xerosere as the grazing intensity increases on 
soils rich in organic matter (Table 4b). The vegetation cover is more closed than 
in the previous coena. However, due to trampling by grazing animals a number of 
winter annuals, character species of the order F e s t u c o - Se d e t a l  i a are 
represented on small open areas. From the evidence of the f lo r i s t i c  assemblage 
(Thymus p u l e g i o i d e s ,  Ononis repens and He 1i c t o t r i c h o n  pubescens ) 
the substrate would seem to be mildly alkal ine.  The occurrence of S i e g l i n g i a  
decumbens indicates the a ll iance  V io l  ion can inae .
Coenon 14. Community of V i c i a  l a t h y r o i d e s  and Aphanes mi c roca rpa
This coenon has i ts  optimal occurrence on smal1 open sites with a low organic 
matter content within coenon 13. Character species of the order Fes tuco  - 
S e d e t a l i a ,  which are also loca l l y  d if fe re n t ia l ,  are V i c i a  l a t h y r o i d e s  , 
T e e s d a l i a  n u d i c a u l i s ,  T r i f o l i u m  campes t re ,  A i r a  praecox and Sedum 
ac re .  Moreover, T r i f o l i u m  dubium, T.micranthum and T.scabrum are 
local d if fe ren t ia l species.
Coenon 15. Community of P l an t ago  coronopus and B e i l i s  pe renn i s
On si tes previously disturbed by rabbits and afterwards intensive ly  trampled by 
ca tt le  this coenon occurs. This coenon is characterized by the high frequency of
Coenon 11. Community of L e c i d e a  g r a n u l o s a  and C l a d o n i a  g l a u c a
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SCHEME 1. Probable relationship between the coena in the xerosere of the "Westduinen II
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TABLE 2. Synoptic table of the xerosere of the "Westduinen"
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Rumex acetosella ---
Carex arenaria ........
Aira praecox ............
Galium verum ............
Agrostis tenuis .......
Anthoxanthum odoratum 
Hypochaeris radicata 
Luzula campestris ... 
Cerasti um arvense ...
Festuca rubra ..........
Hypnum cupressiforme
30(r-+) 
50 ( h— 1 )
10 (+) 
20(r-+)
Corynephorus canescens .............
Cornicularia aculeata ...............
Tortula rural is .........................
Phleum arenarium .......................
Sedum acre ..................................
Erodi um gluti nosum ....................
Lecidea granulosa ......................
Lecidea uliginosa ......................
Cladonia portentosa ..................
foliacea var. foliacea
rangiformis .................
furcata ........................
arbuscula var. arbuscula
coniocraea ..................
chlorophaea .................
glauca .........................
floerkeana ..................
pityrea .......................
scoparium ....................
100(+-2 ) 
90 ( h— 1 ) 
80(4-3) 
90(+-1 )
CI adoni a 
CI adoni a 
CI adoni a 
Cladonia 
Cladonia 
Cladonia 
CIadonia 
CI adoni a 
CI adoni a
10( + ) 
10 (r)
Dicranum 
Jasione montana 
Poa pratensis . 
Carex fi acca .. 
Poa annua .......
Thymus pulegioides ...............
Ononis repens ........................
Hieracium pilosella .............
Koeleria cristata .................
Polytrichum juniperinum .......
Lotus corniculatus ...............
Sieglingia decumbens ............
Helictotrichon pubescens ---
Taraxacum sect. Erythrosperma 
Plantago lanceolata .............
Vicia lathyroides .......
Aphanes microcarpa ___
Trifolium arvense .......
Cerastium semidecandrum 
Ceratodon purpureus ...
Bromus mollis .............
Teesdalia nudicaulis .. 
Polytrichum piliferum .
Tri foli um dubi um ........
Trifolium campestre ... 
Trifolium micranthum .. 
Trifolium scabrum .......
10( + )
40 ( h— 1 ) 
20(+-l) 
30(4—1)
Plantago coronopus ..........
Bel lis  perennis ...............
Loiium perenne .................
Rhytidiadelphus squarrosus
Ranunculus bulbosus ........
Rhacomitrium canescens .. .
Cynodon dactylon .............
Trifolium repens .............
Bryum capillare ...............
Prunella vulgaris ............
Tri folium striatum ..........
Climacium dendroides .......
38(r-1) 
100(+-3) 
100(+-3) 
50(+-2) 
12(r-+) 
62(-f--l) 
31(r-2) 
37(t 2) 
25(r-1) 
31(1-2) 
25(2-4)
100(+-4)
75(+-2)
12( 1- 2 )
100(+-2 ) 
100(r-2) 
80(4-3) 
30(4-1) 
60(4-2) 
90(1-2) 
60(1-2) 
40(4) 
10(4)
91(4-2) 
100(4-3) 
81(4-2) 
54(4-1) 
82(4-3) 
100( r -2 )  
100(4-2) 
91(1-2) 
54(r-4) 
63(4-1)
63(4-2)
100(4-2) 45(r-4)
100(4-1 
50(4-1 
25(r-4 
100(1-2 
100(2-3 
100(4-2 
100(4-2 
100( 1-2 
83(4-1 
100(1-2 
100(4-3
• 100(4-3)
• 60(4-1)
• 90(4-3) 9(+)
75(4-1) 60(4) • 16(4-1)
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40(4)
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10 ( r )
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70(4-2)
70(4-1)
100(1- 2 )
60(4-2)
40(4-2)
20(4)
50(r-4) 
20(4-1)
10 ( r)
70(r-4) 
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90(1-3
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Addenda : Erodium glutinosum 
Eryngium campestre 
Briza media
10 (6, 5)
12 (9, 4)
13 (25, 4-1)
Ornithopus perpusillus 
Cerastium holosteoides 
Gerani um mol le
13
13
13
(16,
( 10,
( 20 ,
r-1)
2)
r)
P1 a n ta go coronopus,  B e i l i s  p e r e n n i s ,  Lol ium perenne,  R h y t i d i a d e l p h u s  
squa r rosus ,  Ranunculus bulbosus and Cynodon d a c t y l o n .  Since these 
sites can be found mostly in lows, the water content of the soil is re la t iv e ly  
high (Table 4b). Due to the intense trampling during the grazing season, the soil 
is re la t iv e ly  compact.
B. The v e g e t a t i o n  of  the " Heve r i ngen "  on Voorne
The greater part of the vegetation of the "Heveringen" belongs to the Festuco- 
Ga l i e tum m a r i t i m i ,  an association with a 1 arge variation in species composition 
(van der Maarel 1966a).
Compared with the xerosere of the "Westduinen" the soil is dry (cf .  Table 4b 
and 4c). The variation in the f lo r i s t i c  assemblage is due to differences in 
trampling in ten s it ie s ,  which influence the compaction of the soil (see Table 4c, 
penetrometer values and pore volumes). Furthermore, the d iffering  aspects as well 
as the reacti on of the soi 1 (from mildly al kal i ne to mi 1 dly acid) cause di fferences 
in the composition of the vegetation. Grazing by rabbits and trampling by walkers 
are important factors preventing a further succession of the vegetation in the 
greater part of the "Heveringen".
A description of the coena wi l l  be given and a comparison wi l l  be made between 
the coena of the "Heveringen" and those of the xerosere in the "Westduinen". In 
Scheme 2, the probable relationship between the coena on the "Heveringen" w il l  be 
presented.
P§§9rÍDÍÍ2D_2f _the_coena _on _ the _a_ comga r i s °n_wi th _the_vegetat i  on
occurring_in_the_xergsere_gf_the_"Westduinen"_(Table_3_and_Scheme_2]
Many small sites on the "Heveringen" are characterized by an open soi l  layer 
and thus by bare sand. These si tes are mostly condi tioned by the impact of children 
playing on south-facing slopes. I f  there is frequent disturbance,only Carex 
a r e n a r i a  is able to grow on these s ites . I f  the disturbance i s only incidental, 
for example during one summer, the establ ishment of Corynephorus canescens ,  
takes place. Both species are accompani ed by a few wi nter annual s (e.g. E r o p h i l a  
ve rna )  and these variants are comparable with the open Corynephorus-var iant  
of the "Westduinen" (see coenon 10). The Corynephorus- variant on the "Heve­
ringen" is limited to the tops of h i l l s ,  whereas Carex a r e n a r i a  frequently 
grows on the slopes. The la t te r  vari ant in particul ar can develop into the coenon 
f i r s t  described.
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Coenon 1. Community of Senec io  j acobaea  and winter annuals
This coenon can be observed on open and loose so ils  with s ligh t movement of 
sand and bel ongs to the To r t u 1 o - Ph 1 ee t um a r e n a r i i .  As descri bed by Janssen 
(1972, 1973a, b) the edaphic conditions of these sites are appropriate for the 
germination and establishment of many winter annuals. This coenon is equivalent 
to coenon 9 ( T o r t u l a  with Phleum) of the "Westduinen".
Coenon 2. Community of Hypnum c up res s i f  o rme and Rumex a c e t o s e l l a
This coenon di ffers from coenon 1 by a denser layer of Hypnum c up re s s i f  o rme 
and, for example, the occurrence of P l an t ago  l a n c e o l a t a  and A g r o s t i s  
t e n u i s .  Compared with the other coena no d if fe ren t ia l species were observed. 
Due to a high trampling in tens ity , the resistance of the upper soil layers is 
high and the value of pore volume low. This coenon, too, corresponds to a certain 
degree with coenon9 of the "Westduinen". This community can be considered as the 
terminal phase of the Tor tu 1 o - Ph 1 ee turn a r e n a r i i  and is a transi t i on to the 
Fes tuco-Ga l i e t um m a r i t i m i .
Coenon 3a. Community of Hypnum cup res s i forme and Corynephorus canescens 
Coenon 3b. Community of C l adon i a  f o l i a c e a  and Corynephorus canescens
On loose soi ls with s ligh t movements of sand the open Corynephorus - variant 
develops into coenon 3a. On sites with a fu l ly  stab ilized soil the lichens 
C l adon i a  f u r c a t a  and C . f o l i a c e a  are abl e to become establ i shed (coenon 3b). 
During certain short periods of the year, moderate tramplingis observed on these 
s ites . The recovery of the vegetation occurs rel ati vely quickly. Both communities 
are transitions between the F e s tu co-Ga l i e t um mar i t i m i  and the V io l o-  
Corynephoretum.  Fragments of the Tor tu l  o-Ph 1 eetum a r e n a r i i  are re­
presented in coenon 3a. Both coena correspond with coenon 10 ( Corynephorus 
Co rn i c u 1 ar i a ) of the "Westduinen".wi th
Coenon 4a
Coenon 4b
Coenon 4c
Fes tuca  ov ina  and Gal ium verum
Thymus p u l e g i o i d e s  and Taraxacum rubicundum
S i e g l i n g i a  decumbens and H i e rac i um p i l o s e l l a
These three coena represent the F e s tu co-Ga l i e t um m a r i t i m i .  Coenon 4a 
can be considered as a typical variant (no d if fe ren tia l species). Coenon 4b is 
characterized by the d if fe ren tia l species Thymus p u l e g i o i d e s ,  Taraxacum 
rubicundum and P o l y g a l a  v u l g a r i s .  This community occurs on mildly 
alkal ine soi ls (Scheme 2) and is a transition to the Taraxaco-Ga 1 i etum 
m a r i t i m i .  Coenon 4c is a transition to the al l i ance V i o l i o n  can inae .  
These communities are characterized by a closed vegetation layer on a soil 
re la t iv e ly  r ic h in  organic matter (Table 4c). Intense grazing by rabbits prevents 
a further succession. Furthermore, intense trampl ing by walkers has been observed.
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SCHEME 2. Probable relationship between the coena of the "Heveringen"
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These coena correspond with coenon 13 (Thymus with Ononis )  of the "West- 
dui nen".
Coenon 5. Community of Rosa pimpi nel 1 i fo l  ia and Crataegus  monogyna
This coenon can be found on the edges of communities mainly consisting of 
large shrub layers with Crataegus  monogyna and Hippophae rhamnoides.  
Due to the grazing ac t i v i t i es  of rabbits the vegetation layer of this coenon is 
low and the development into a shrub vegetation is inhibited. The vegetation is 
scarcely trampled by people and no correspond! ng coenon exists on the "Westdui nen".
Coenon 6. Community of Dicranum scopar ium and C l adon i a  g l auca
This coenon can be found on dry north-facing slopes. The environmental 
conditions and the composition of the vegetation are equivalent to those of 
coenon 12 (Dicranum with J a s i o n e )  of the "Westdui nen".
Coenon 7. Community of Holcus l ana t us  and Leontodon autumnal  is
This coenon establishes i t s e l f  on re l a t i ve l y  humid s ite s ,  mostly from coenon 
4c as trampling increases or from coenon 4b as grazing by rabbits decreases. No 
comparison with the "Westduinen" is apparent.
Coenon 8. Community of P l an t ago  coronoous and P o t e n t i l l a  e r e c t a
This coenon can be observed on sites heavi ly  trampled in summer. The re la t iv e ly  
dry soil is compacted (Table 4c). This vegetation is species-rich and in the 
"Westduinen" no comparable s ite  can be found.
Coenon 9. Community of Ca l amagros t i s  e p i g e j o s  and E l y t r i g i a  repens
This coenon occurs on disturbed s i tes ,  for example on the edges of b r id le ­
paths. The sandy soil of these sites is dry and re la t iv e ly  loose. On the "West- 
duinen" this coenon is absent.
C. Trampl ing and r e l a t e d  s o i l  f a c t o r s
The values of soil resistance, pore volume, moisture content and content in 
organic matter as measured in the "Westduinen" and the "Heveringen" are given in 
Table 4. Lowest values of soil resistance have been observed on sites belonging 
to the xerosere of the "Westduinen". These si tes are scarcely of 1ightly  trampled; 
the soil is dry and poor in organic matter and the vegetation layer is open. The 
soi ls in the wetter parts of the "Westduinen" are moderately or heavi ly trampled; 
the values for soil resistance are higher on these sites than on the dry ones
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FIG. 1. The distribution of three P l an t ago  species in a transect 
perpendicular to a heavi ly trampled ca tt le  path in the dune 
grassland "Westduinen" (see also Table 6).
Size of symbols indicates size of individual plants
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(Table 4a and 4b). In spite of the higher trampling in tensit ies  on these wet 
soi l s ,  which are in general rich in organic matter, the pore volumes are high. 
The soil resistances of the "Heveringen" appeared to be higher than those of the 
"Westduinen" (Table 4c). Lower values in pore volume are also found in the "Heve­
ringen". The soil is dry and the values in organic matter were in general between 
those of the xerosere and hygro- and mesosere of the "Westduinen".
To get an impressi on of the relation between the di s tr ibu ti on of the P l an t ago  
species and the soi 1 characteristics of resistance, pore volume, moisture content 
and organic matter, a transect in the  "Westduinen" has been studied in detail 
(Fig. 1 and Table 6). In addition to a description of the vegetation, the 
occurrence of individuals of the P l an t ago  species has been mapped (Fig. 1). 
This transect was chosen perpendicular to a heavily trampled ca tt le  path in the 
neighbourhood of a drinking pool. The vegetation of the edges of the path (B^, B^) 
belongs to coenon 8 ( Lo l i um perenne with Holcus l a n a t u s ) .  The soil in the 
middle of the path ( B^) was re la t iv e ly  bare; only some i ndi vi dual s of P l an t ago  
major ssp. major ,  Taraxacum s e c t .  V u l g a r i a , T r i f o l i u m r e p e n s ,  Leon- 
todon autumna l i s  and S i e g l i n g i a  decumbens were found. The stand of the 
south-west facing slope (A) can be considered as belonging to coenon 13 (Thymus 
p u l e g i o i d e s  with Ononis repens )  and those of the north-east facing slope 
(C) to coenon 15 ( P l a n t a g o  coronopus with B e i l i s  p e r e n n i s ) .
The soil in the middle of the path (B^) was strongly compacted (Table 6 ); in 
comparison with the other sites on the "Westduinen", the resistance of the soil 
appeared to be very high and the value of the pore volume low. Rain water did 
not penetrate the compacted so i1; on wet days puddles were observed. In comparison 
with the edges (B^ and B^) the soil resistance and the pore volume values appeared 
to be low on the slopes (A and C). This phenomenon has been also observed on 
other slopes of the "Westduinen" and "Heveringen" (fo r example Table 4c coena 3b 
and 6). Re la tive ly  small differences in organic matter were found between the 
various s ites . The moisture content of the soil of the edges (B^, B^) was much 
higher than on the other s ites . As shown in Fig. 1 P .ma jo r  ssp. major  
occurred frequently on the path and to a lesser extent on the edges. P . l a n c e o -  
l a t a  was frequently observed on slope A, wheras P. coronopus occurred in 
greater numbers on slope C.
5. DISCUSSION
In this paper, an attempt is made to study the occurrence of three P l an t ago  
species and the ir  presencein various communities in relation to , mainly phys ica l, 
soil factors in low trampled dune grasslands in the Netherlands. To get an 
impressi on of the large scale d istribution of the P l an t ago  species the Braun- 
Blanquet approach has been applied. P. major  ssp. p l e i osperma  occurs on
wet, compacted so ils  (coenon2, Table 4a). This taxon can be found in communities 
belonging to the Nanocyper ion f l a v e s c e n t i s  and the Ag ropy ro-Rumi c i on 
c r i s p i  (Table 1, coena 2 and 1, respective ly ). In the "Heveringen" this taxon 
was only observed at one moist si te along an a r t i f i c i a l  pond.The edaphic conditions 
of that s ite  were equivalent to those of coenon2 (Table 4a) of the "Westduinen". 
P. major  ssp. major  has been observed mostly on paths with an open vegetation 
layer belonging to the Poo-Lo l i e tum (Table 1, coenon 8 and Fig. 1). The 
compacted soil of these s ites was moderately wet and rich in organic matter 
(Table 4a). According to M01gaard ( 1976) i t  can be stated that P .ma jo r  ssp. 
p l e iosperma is able to grow under more unstable environmental conditions than 
P .ma jo r  ssp. major .  This unstable condition is mainly due to irregular 
fluctuations in the high water table. I t  should be noticed that with reference 
to the possible occurrence of d ifferent genotypes within one single species 
(Groot & Boschhuizen 1970; Wu& Antonovics 1976) various populations of a species 
must be studied in order to characterize the reaction of that species on certain 
environmental conditions. On the "Westduinen" P. coronopus has been observed 
on re la t iv e ly  dry so i1s , whi ch are poorinorganic matter and re l a t i ve l y  compact. 
These sites have been frequently disturbed by rabbits (Table2, coenon 15). Most 
species belonging to the Ai ro-Car i  cetum a r ena r i  ae or the Ga 1 i o-Koe 1 e r i  on . 
Observations in other years demonstrated that espec ia l l y in  the case of P . c o r o ­
nopus strong fluctuations in numbers of individuals occurred, which was also 
observed for a number of other species by Watt (1960, 1971), Westhoff (1969), 
van der Laan ( 1979), and J . P. van den Bergh (personal communi cati on). On the "Heve­
ringen" P. coronopus is mostly observed on paths whi ch are heavi ly  trampled 
in summer (Table 3, coenon 8 and Table 4c). In a part of the "Heveri ngen" P. c o r o ­
nopus occurs in a community forming a transition between the Nanocyper ion 
f l a v e s c e n t i s  and the Ga 1 i o-Koe 1 e r i on (cf .  van der Maarel 1966b, 1978). 
Onyekwel u ( 1972a, b) stated that the establishment of P. coronopus on wet 
sites in the dunes of North Wales was limited by the lack of nitrogen and 
phosphorus; the establishment at 1ow water tables is much better (cf .  Table 4b, c ).
P . l a n c e o l a t a  has been observed in considerably more releves than the other 
P l an tago  species (Table 1, 2, and 3). In the mesosere of the "Westduinen" 
P . l a n c e o l a t a  occurs frequently i n stands bel ongi ng to the a lliances Agropyro- 
Rumicion c r i s p i ,  V i o l i o n  can inae  and A r r h e n a t h e r i o n  e l a t i o r i s  
(Table 1). In the xerosere of the "Westduinen" as well as in the "Heveringen" 
P . l a n c e o l a t a  occurs in coena belonging to the Ga 1 i o-Koe 1 e r i on and the 
The r o-A i r i on  (Table 2 and 3). The la t te r  individuals have been determined as 
P . l a n c e o l a t a  var. sphae ros t achya  Mert. and Koch. Also the results of the 
soil analysis strongly indicate a disjunct d istribution pattern of P . l a n c e o ­
l a t a  (Table 5). This phenomenon was also observed by Kruijne et a l . (1967) in 
inland grasslands. The f i r s t  type occurs on humid sites re la t iv e ly  rich in 
organic matter and a high pore volume, whereas the second type ( P . l a n c e o l a t a
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var. sphaeros tachya  ) can be found on dry sites poor i n organi c matter and with 
a low pore volume. Since the results presented in this paper are obtained from 
re la t iv e ly  large piots , only general indications are possible of the relation of 
a particu lar species to certain environmental factors. However, the results as 
presented in Table 5 correspond to findings which wi l l  be given in a later  paper 
(Noe & Blom, in preparation). In that paper the relation between the occurrence 
of P . l a n c e o l a t a  and a number of so i1 factors, as obtained in randomly chosen 
small plots wi l l  be reported; s ign if ican t differences between two groups of 
P . l a n c e o l a t a  plants were found.
Due to grazing by cat t le the development of shrubs is limited in the "West­
duinen". S a l i x  repens occurs only on l ig h t ly  grazed sites (Table 1). On the 
"Heveringen" communities with shrubs were more frequently observed (Table 3). In 
this area even S a l i x  repens and Rosa pinipi nel 1 i fo l  i a are able to 
colonize newly exposed soil (cf .  Ranwell 1959, 1960).
Due to trampling, differences inphysical  soil conditions can be observed. At 
a high trampling in tensity , the density of the soil increases which results in a 
high mechanical impedance and in a low pore volume value. Differences in soil 
characteristics have been observed for example between the soil of coenon 8 
(heavi ly trampled) and that of the coenon 5 (scarcely trampled) on the "Heve­
ringen" (Table 4c). High densities may l imi t  soil aeration conditions for the 
growth of plants (Gi l l  & M il le r  1956; Warnaars & Eavis 1972) and, in the case of 
sandy so i l s ,  increase the water a va i l ab i l i t y  (Liddle & Greig-Smith 1975a; Kruger 
1970; Rao et a l . 1973). The damage to the vegetation by intense trampling may 
result in an open vegetation layer which, in the long term, leads to a low organic 
matter content. Under certain conditions very high trampling in tensit ies  result 
ei ther i n bare, loose soi ls (vanderWerf  1970) or in a very compacted subsoil in 
which the water permeability has been inhibited (Table 6; B^). The high values 
of pore volume as found in the soi ls of the intensely trampled areas of the 
hygro- and mesosere of the "Westduinen" (Table 4a) must be ascribed to the fact 
that the roots occur for the greater part in the upper 10 cm of the soil layer. 
The mechanical ac t i v i t y  of a dense root system loosens the so i l ,  which e ffect 
was also observed by Hettiaratchi & Ferguson (1963).
The reduced length of the roots in these soi ls is caused partly  by the high 
water table (cf .  Brouwer 1978) and par t l ybythe  compacted subsoil (Kramer 1969; 
Schuurman 1971; Kar et a l . 1976). Furthermore, due to a re l a t i ve l y  high organic 
matter content (Table 4a) pore volumes are higher as compared with sandy soi ls 
poor in organic matter (Schothorst 1968). The low values in pore volume as found 
on path B^  (Table 6) are caused by the low content in organic matter as well as 
by the absence of many roots in this bare soi l .  As shown in Table 6, and, for 
example, in Table 4c, coena 3b and 6, the pore volumes of the soil of slopes 
are also low, which is probably caused by the fact that at the foot of a slope 
small soi l  partic les washed down from the top and f i l l  up the large pores.
Penetrometer measurements are apparently not su ff ic ien t ly  accurate to determine 
these differences in soi l  compaction. Another d i f f ic u l t y  in the measurement of 
soi l  res istance in  the f i e ld wi tha penetrometer is the occurrence of a dense root 
layer, which can give less accurate results. The use of a penetrometer under 
experimental conditions appeared to be less problematical (Blom 1977). To replace 
the penetrometer other apparates have been developed (Cockroft et a l . 1969; 
Bal igar et al . 1975); these are, however, unpractical for f i e ld use.
I t  can be stated that small differences in values of soil resistance are 
considerably less important than small differences in values of pore volume. 
Probably due to the trampling by cat t le on the "Westduinen", the soi l  resistance 
at a depth of 10 cm is in general considerably higher than that at 5 cm (Table 
4a, b). The forces applied to the so i1 by walkers are much smaller; at the "Heve- 
ringen" smaller differences between the values in soil resistance between 5 and 
10 cm were observed (Table 4c).
The occurrence of the P l an t ago  species in the areas studied corresponds 
well with the results obtained in the experiments under controlled conditions 
(Blom 1976, 1977, 1978a, b). The observation in the f i e ld that P .ma jo r  ssp. 
major and P . coronopus  are more able to grow on compacted sandy soi ls than 
P . l a n c e o l a t a  can be explained by the fact that the primary roots of the f i r s t  
mentioned taxa are able to penetrate compacted soil layers very quickly (Blom 
1976, 1978a). Furthermore, the growth of P .ma jo r  is stimulated by the higher 
water a va i l ab i l i t y  in compacted sandy soi ls (Blom 1976). The presence of 
P. major  ssp. major  on paths can be explained by the fact that the seedlings 
as well as the full-grown plants of this species are very resistant to trampling 
(Blom 1977, 1978b). I t  has also been demonstrated (Blom 1977) that the growth of 
P. major  ssp. major  is limited by the effects of other plants. Furthermore, 
the root competition factor appears to be very important (Blom 1979). In the 
f ield P .ma jo r  ssp. major  occurs on more ooen sites than the other species 
under study; P . l a n c e o l a t a  especial ly  is able to establ i sh i n dense vegetation 
layers. In Blom ( 1977) i t  has been explained already that, in spite of the 
vu lnerab ility  to trampling of the seedlings of P . co ronopus ,  thi s speci es i s 
able to establish on trampled si tes.
I t  can be concluded that large-scale synecological investigations as presented 
in this paper combined with studies under controlled conditions wi l l  give a good 
idea of the behaviour of species and thei rcommunities in the f ie ld .  More detailed 
information on the behaviour of part icu lar individuals or populations of plant 
species over a longer period, can be obtained by demographic investigations 
supplied with genetical, physiological, microbiological and soil studies. For 
such detailed studies, investigations on the phytosociological level wi l l  be a 
valuable starting point.
I l l
TABLE 4a. Soil data for the coena of the hygro- and mesosere of the "Westduinen"
Coenon * Soi 1 i 
_5
X
2resistance (kg/cm ) 
cm 10 cm 
S . E. x S . E .
Pore volume 
_(* )
x S . E.
Soil moisture 
(% by dry weight) 
x S. E.
Organic matter 
(% loss of ign ition) 
x S . E.
1. Po ten til la  with Agrostis P 14.7 1.2 16.7 0.6 73.8 4.4 96.3 20.5 19.6 4.9
2. Centunculus with Juncus P+ 6.1 1.2 11.2 1.1 54.4 0.7 50.6 8.1 3.4 0.9
3. Carex with Sal ix 11.5 0.5 16.2 0.7 78.8 3.3 78.0 6.9 12.2 3.8
4. Gentianella with Linum 1 12.117.9
0.5
0.6
17.4
19.2
0.7
0.4
70.1
59.6 2.1
59.5
15.9
3.4
0.9
15.7
6.5 0.7
5. S ieglingia with Viola 1 14.7 0.9 17.2 0.9 62.5 2.1 18.9 2.8 7.4 0.8
6. Spiranthes with Briza 1 + 13.6 0.7 14.6 0.8 68.5 2.5 38.3 6.7 10.3 1.7
7. Prunella with Luzula 1 + 12.4 0.8 16.2 0.8 71.5 4.3 52.6 9.0 7.8 1.7
8. Lolium wi th Hoicus 1 ,m 17.0 1.1 18.2 1.3 64.0 1.8 49.5 10.7 12.0 5.2
- no value avai lable
* The presence of P l an t ago  major  ssp. p l e i osperma  within a community is indicated by p, that of P .ma jo r  ssp. major
by m and of P . l a n c e o l a t a  by 1. The addition of + means that the taxon concerned has been observed in more than hal f  the 
releves. Incidental occurrences of a species are not mentioned (cf .  Table 1)
TABLE 4b. Soil data for the coena of the xerosere of the "Westduinen"
Coenon * Soil 
_ 5
X
2resistance (kg/cm ) 
cm _10 cm 
S . E . x S . E.
Pore volume 
_{%)
x S. E.
Soil moisture 
(% by_dry weight) 
x S. E.
Organic matter 
(% loss of ign ition) 
x S. E.
9. Tortula with Phleum 5.0 0.9 6.4 0.8 67.4 1.4 3.7 0.3 2.1 0.4
10. Corynephorus with Cornicularia 5.4 0.6 9.0 0.5 62.0 1.5 5.8 1.3 3.0 0.4
11. Lecidea with Cladonia 9.0 0.5 11.2 0.8 66.3 — 10.4 1.0 4.1 —
12. Dicranum with Jasione 10.0 0.7 12.0 0.5 61.0 2.1 12.9 1.2 4.6 0.5
13. Thymus with Ononis 1 + 15.8 0.8 14.8 0.6 59.6 2.3 11.9 1.1 6.0 0.5
14. Vicia with Aphanes 5.2 0.6 12.8 1.6 - — 3.3 1.0 - -
15. Plantago with B e i l is 1 +c+ 13.9 2.0 15.5 1.7 60.3 1.6 17.6 1.1 4.1 0.6
- no value avai lable
* 1 + , c+: P l an t ago  l a n c e o l a t a  and P. coronopus respective ly , were observed in the greater part of the relevés of
the community concerned (cf .  Table 2)
TABLE 4c. Soil data for the coena of the "Heveringen"
Coenon *
2Soil resistance (kg/cm ) 
5 cm 10 cm 
x S . E . x S . E .
Pore volume 
j%)
x S . E.
Soil moisture 
(% by dry weight) 
x S . E.
Organic matter 
(% loss of ignition) 
x S. E.
1. Senecio with winter annuals 12.1 0.8 12.6 0.4 67.8 0.8 1.7 0.2 1.9 0.4
2. Hypnum with Rumex 1 + 23.3 1.6 20.9 1.6 53.4 — 4.3 0.7 4.4 —
3a. Hypnum with Corynephorus 1 + 15.3 1.5 16.2 1.2 54.0 2.2 2.4 0.4 3.9 1.4
3b. Cladonia with Corynephorus 1 22.9 1.7 17.7 0.6 48.6 — 0.7 0.1 1.8 —
4a. Festuca with Galium 1 + 23.2 1.0 22.8 0.9 55.7 1.5 2.1 0.3 4.3 0.6
4b. Thymus with Taraxacum 1 + 22.7 1.1 20.8 0.7 56.7 1.0 3.8 0.4 6.8 1.0
4c. S ieg ling ia  with Hieracium 1 + 21.8 1.0 24.3 0.8 59.1 2.4 4.2 0.4 9.4 1.0
5. Rosa with Crataegus 1 + 18.6 1.9 18.0 1.1 63.3 1.5 4.5 0.4 8.0 1.4
6. Dicranum with Cladonia 1 + 17.2 1.8 16.7 0.1 52.4 0.6 1.4 0.3 3.6 0.2
7. Holcus with Leontodon 1 + 22.0 2.0 27.3 1.8 61.0 1.0 6.4 1.4 11.7 0.7
8. Plantago with Po tentil la 1 + c+ 22.6 0.6 22.5 0.5 53.8 1.1 3.7 0.4 5.2 0.7
9. Calamagrostis with E ly t r ig ia 1 + 16.6 0.9 17.7 0.4 66.9 — 3.3 0.4 5.4 —
- no value avai lable
* The presence of P l an t ago  l a n c e o l a t a  within a community is indicated by 1, that of P . coronopus by c. The addition of 
+ means that the taxon concerned has been observed in more than hal f  the releves
TABLE 5. Soil data for plots in the "Westduinen" in which two types of P l an t ago  l a n c e o l a t a  have been observed
(values based on 26 measurements)
Organic matter
(%)
Soil moisture 
(% by dry weight)
Pore volume 
(%)
- ■ --- ....... --
Water-filled pores
(%)
--
A ir- f i l led  pores
(%)
type 1
X 12.0 48.9 68.7 10.4 57.2
95% confi dence 
i nterval 10.3-13.2 39.7-58.0 64.5-72.8 7.5-13.3 51.9-62.4
type 2
X 6.8 21.2 63.3 3.8 60.1
95% confi dence 
i nterval 6.0- 7.6 15.7-26.7 60.5-66.0 2.7- 4.9 58.6-61.5
s ta t is t ic a l  differences 
between type 1 and 2 
(Mann-Witney U test, 
two ta iled )
si gni ficant 
( p <0.002)
si gni f i cant 
(p<0.002)
not si gni fi cant 
(0 .05<p<0.1)
si gni fi cant 
( p<0.002 )
not s ign ificant 
(p*0.1)
TABLE 6. Related soil characteristics  determined in a transect perpendicular to a heavily trampled cat t le path in the dune
grassland "Westduinen" (see also Fig. 1)
Soil
X
- - - - 2 
resistance (kg/cm )
5 cm _10 cm
S. E. x S.E.
Pore volume 
_(*)
x S . E .
Soil moisture 
(% by_dry weight) 
x S . E .
Organic matter 
(% loss of ign ition) 
x S . E .
A (south-west facing slope) 15.0 0.6 17.9 0.7 57.5 0.5 15.5 3.8 5.4 1.3
Bl (path edge) 23.1 0.7 20.6 0.9 62.9 1.9 35.1 4.6 8.7 2.2
b2 ( cat t l e  path) 26.2 0.7 32.2 1.0 52.7 2.7 17.9 2.2 5.7 0.8
B3 (path edge) 19.6 0.8 17.4 1.7 63.7 1.4 34.7 3.0 8.1 2.7
C (north-east facing slope) 19.9 0.8 11.8 0.5 58.0 1.1 14.0 0.9 3.7 1.4
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SUMMARY
This thesis reports an investigation into the effects of trampling and soil 
compaction on the occurrence of some P l an tago  species in coastal sand dunes. 
Field studies were supported by experimental work to obtain more insight into the 
behaviour of the selected species.
The aimofthe fi el d work was to i nvesti gate the d istribution of the P l an t ago  
species in dune grassland, the ir  presence in various plant communities, and the 
relationship between distribution and the soil characteristics influenced by 
trampling and soil compaction. The aim of the experimental studies, which were 
performed under control led and f i e ld conditions, was to determine the effects of 
compaction alone and of trampling and compaction in combination on the reactions of 
the P l an t ago  species in the stages of radi cle emergence, seedling establishment, 
growth, and reproduction.
The following results were obtained:
(a )  S o i l  compact ion,  r a d i c l e  emergence,  and s o i l  p e n e t r a t i o n  by 
the roots  of  s e e d l i n gs
- Under optimal soi 1 -moi sture conditions, radicle emergence of P . l a n c e o l a t a L . ,  
P . coronopus  L . ,  P .ma jo r  L. ssp. ma jor ,  and P.media L. occurred in 
higher percentages on the loose sandy so ils  than on compacted substrates.
- Under 1 ow soi 1-moi sture condi t i  ons , the hi ghest numbers of P l an t ago  seedlings 
were found on the compacted so ils .  This finding indicates that the emergence of 
the seedlings is limited more by a low water supply than by a high mechanical 
resi stance of the soi 1. Water avai 1 abi 1 i ty i ncreases with compaction of the soi 1.
- The emergence of P. major  ssp. major  and P. media was more susceptible 
to adverse moisture conditions than that of the other species.
- Soil penetration by primary roots of surface-lying seeds on compacted substrates 
was strongest for P . coronopus  and P .ma jo r  ssp. major .  Under these 
conditions, the penetration of the primary roots of P . l a n c e o l a t a  and, to a 
lesser degree, of P .med i a ,  was limited.
- The effects of the size of the microsites avai lable to surface-lying seeds on 
radicle emergence and soi 1 penetration were sm allerinspecies with small seeds 
( P . m a j o r  ssp. major  and P . c o r o n o p u s ) .  For large seeds ( P . l a n c e o l a t a  
and P. media)  a decrease in the size of microsites led to a decrease in 
germi nati on.
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(b )  Trampl ing and s e e d l i n g  e s t a b l i s h m e n t
- An increase in trampling intensity resulted in a decrease in the numbers of 
established seedlings. Seedlings of P . coronopus were very susceptible to 
trampl ing, fol lowed by the seedlings of P . l a n c e o l a t a  and P .media .  P .ma jo r  
ssp. major  seedlings were the most resistant to trampling.
( c )  S e e d l i n g  e s t a b l i s h m e n t  under f i e l d  c o n d i t i o n s
- In the f i e ld ,  re l a t i ve l y  high numbers of established P . l a n c e o l a t a  and 
P . coronopus seedlings were found in dry habitats; dry conditions occur 
mainly in loose sandy soi ls.  P . l a n c e o l a t a  seedlings were able to become 
established 1 n tal 1 dense vegetation layers. P .ma jo r  ssp. major  seedlings 
occurred most frequently on moist and open sites with a compacted so i l ;  these 
condi ti ons occur on heavi ly  trampled paths. P. media can be found on untrampled 
or moderately trampled s ites .
(d )  S o i l  compact ion ,  growth,  seed p r o d u c t i o n ,  and root  development
- Increasing compaction caused a decrease in the diameter of the rosettes, the 
number of spikes, and the production of seeds of both P . l a n c e o l a t a  and 
P . coronopus .  This factor has less e ffect on P .ma jo r  ssp. major  and 
P . m e d i a .
- For al l  of the species under study, negative effects of compaction on root 
elongation and root biomass production were found. These effects were the 
strongest for P. media and the weakest for P . coronopus .
( e )  Compact ion wi th  t r a m p l i n g ,  growth,  seed p r o d u c t i o n ,  and root  
de v e 1opme n t
- Trampling caused a strong reduction of the diameter of the rosettes of 
P . l a n c e o l a t a .  This reduction was smal le r  for P . coronopus , and no important 
effects on the diameters of P.media and P .ma jo r  ssp. major  were observed.
- Compared with the untrampled treatments, a positive e ffect of trampling on the 
numbers of spikes per plant was found for P. major  ssp. major  and 
P . coronopus .  Compared with the untrampled plants on loose so i l s ,  a ligh t 
trampl i ng regime resul ted for P . l a n c e o l a t a  in a higher number of spikes per 
pi ant. Under moderate trampl i ng, P . me d i a had re la t i  vely high numbers of spi kes.
In the trampled series, an increase of the trampling in tensity  caused a 
considerable decrease in the number of spikes per plant of P . l a n c e o l a t a  
and P . coronopus .  Compared with the l ig h t ly  trampled series, moderate and 
heavy trampling led to a small increase in the number of spikes of P. major  
ssp. major .  In al l  treatments P. media produced few spikes.
Trampling reduced the length of the spikes in a l l  treatments,but especia lly  
for P . l a n c e o l a t a  and P . co ronopus .
Compared with the untrampled treatments, fewer seeds were generally produced 
per plant of al l  species in the trampled series. Only P .ma jo r  ssp. major  
produced more seeds in the l ig h t ly  trampled treatment than in the corresponding 
untrampled series. At increasing trampling the re la t ive  reduction in seed 
producti on per pi ant was most pronounced for P . l a n c e o l a t a  and P . coronopus .  
Smaller differences between the l i ght l y ,  moderately, and heavi ly trampled series 
were observed for P. major  ssp. major .  P. media produced few seeds i n al 1 
treatments.
Compared with the corresponding untrampled series, trampling resulted in a 
pronounced reduction inthe biomass and size of the root systems of P . l a n c e o ­
l a t a .  Under these conditions, this reduction in the root systems of the other 
species decreased in the sequence P .med i a ,  P .ma jo r  ssp. ma jor ,  and 
P . coronopus .
The e ff ic iency  of the root systems of P. major  ssp. major  seemed to be 
higher in the trampled series than in the untrampled ones. This phenomenon must 
be par t i a l l y  ascribed to the experimental lay-out. In the untrampled series, 
intermingling of the re la t iv e ly  large root systems of P . l a n c e o l a t a  with 
the re l a t i ve l y  small ones of P. major  ssp. major  was observed. In the 
trampled series there was no root competition, which promoted the shoot-growth 
of P .ma jo r  ssp. major  in particu lar. Furthermore, trampling caused a 
considerable increasein the compaction of the so i l ,  which resulted in a better 
cap il la ry  r ise . Under these conditions the increase in water supply may also 
result in an improvement of the e ff ic iency  of the re la t iv e ly  small root systems 
of P .ma jo r  ssp. major .
f )  T r amp l i ng ,  s o i l  compact ion ,  and the o c c u r r e n c e o f t h e  P l an t ago  
spec i e s  in the f i e l d
In coastal dune grasslands P. major  ssp. major  was found mai nly on paths 
with an open vegetation belonging to the Poo-Lo l i e tum (al l i ance Agropyro- 
Rumicion c r i s p i ) .  The compacted soil on these heavi ly trampled sites was 
moderately wet and rich in organic matter.
P .ma jo r  L. ssp. p l e i osperma  P ilger can be found in communities belonging 
to the a lliances Nanocyper ion f l a v e s c e n t i s  and Agropyro-Rumic ion 
c r i s p i ,  which occur on wet and compacted soi ls.  These sites are characterized 
by unstable environmental conditions due to irregular f 1uctuations of the water
tab le .
P . coronopus usually occurs in a community forming a transition between the 
Nanocyper ion f l a v e s c e n t i s  and the Ga 1 i o-Koe1e r i o n  . Thisspec ies i s  
observed on paths which are trampled in the summer, resulting in a moderately 
compacted soi l .  This species was also observed on re la t iv e ly  dry soi ls which 
were poor in organic matter. Some of these sites had been frequently disturbed 
by rabbits.
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- A disjunct d istribution pattern of P . 1 anceo 1 a ta was found. In the mesosere 
this species occurs frequently in stands belonging to the al 1 iances Agropyro- 
Rumicion c r i s p i ,  V i o l i o n  c a n i n ae ,  and A r r h e n a t h e r i o n  e l a t i o r i s .  
The soil of these moderately trampled sites is re la t iv e ly  wet, rich in organic 
matter, and re la t iv e ly  loose. In the xerosere P . l a n c e o l a t a  var. sphaero- 
s t achya  Mert. & Koch occurs in communities belonging to the al 1 iances Ga l i o-  
K o e l e r i o n  and The ro-Ai  r i on . The soil of these infrequently trampled 
sites is re la t iv e ly  dry, poorin organic matter, and loose or moderately compact.
- In the f i e ld  study on the relationship between the occurrence of species and 
certain soil character is t ics , both s t ra t i f ie d  sampling methods and random 
sampling methods were evaluated. With re la t iv e ly  c lear d istribution patterns 
of a species, s t ra t i f ie d  sampling appeared to be the most practicable and 
satis factory  method. For a re la t iv e ly  homogeneous vegetation, a random sampling 
method appeared to be preferable.
Cone 1 us ions
In conclusion i t  can be stated that trampling, compaction, and related soil 
factors such as the moisture and organic matter content, influence the occurrence 
of the P l an t ago  species under study to various degrees. The stages of radicle 
and seedling emergence are mainly affected by compaction, moisture, and the 
properties of avai lable microsites. Seedling establishment depends mainly on the 
trampling intensity  and the density of the surrounding vegetation. Root growth is 
affected mainly by the factor soil compaction. E ff ic iency  of root systems is mainly 
i nfl uenced by the degree of root competi t io n . Shoot development and seed production 
are mainly affected by trampling in tensity .
The occurrence of the P l an t ago  species in the areas studied corresponds 
well with the results obtained in experiments performed in the f ie ld  and in the 
laboratory.
P. major  ssp. major  occurs on heavily trampled paths with a compacted and 
wet soi 1. The seeds of this taxon are able to germinate wel 1 under such conditions, 
and the primary roots are able to penetrate a compacted soil reasonably wel l .  The 
seedlings and full-grown plants are very resistant to trampling. This taxon is 
susceptible to root competition, which means that in loose so ils  with a closed 
vegetation P .ma jo r  ssp. major  wi l l  be eas ily  crowded out. On paths the 
vegetation layer is usually open and the soil compacted; on these sites no root 
competition occurs.
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P .ma jor  ssp. p l e iosperma occurs on compacted soi 1 s . Compacti on was caused 
mainly by the strong fluctuations of a high water table. This subspecies was not 
incl uded in a l l  experiments , but the avai 1 abl e data i ndi cate that radi cl e emergence, 
seedling emergence,and establ i shment were promoted by conditions found in compacted, 
wet soi ls.
P . coronopus occurs on infrequently trampled sites in the coastal dune areas. 
The soi 1 of these si tes i s moderately or strongly compacted and the moisture content 
appears to be rel ati vely 1 ow or moderately hi gh. The primary roots of this species 
are able to penetrate compacted soi ls .  The seedl i ngs are suscepti bl e to trampling, 
but the seeds are able to germinate in early  spring and autumn; in these periods 
of the year, trampling by ca tt le  or walkers is infrequent or absent. The full-grown 
pi ants of thi s species are resi stant to trampl ing. Soi 1 compacti on hardly i nf 1 uences 
the development of the root systems.
P . l a n c e o l a t a  occurs mostly on rel ati vely dry si tes with a moderately compacted 
soi 1 and a dense vegetati on layer. Of the species studied, P . l a n c e o l a t a  appeared 
to be the most susceptible,in a l1 the stages of the 1ife-cyc le ,to  the conditions 
caused by the environmental factors trampling and soil compaction. This species 
is resistant only to re la t iv e ly  1 ow trampling in tens it ie s ;  under these conditions 
vegetative propagation was observed. A second type of P . l a n c e o l a t a  was 
observed on moderately trampled wet soi l s .
P. media does not occur in coastal sand dunes. Since the f ie ld  study was 
focussed on the d istribution of P l an t ago  species in coastal areas, no f ie ld  
observations on P.media are avai lable.  For purposes of comparison, P.media 
was involvedin the experimental part of this study. The data of the experiments 
show that this species is able to germinate in re la t iv e ly  wet sandy soi l s .  The 
seedlings are reasonably resistant to trampling. Especia lly  the growth of the 
roots appeared to be inhibited in compacted substrates.
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UITGANGSPUNTEN VAN HET ONDERZOEK EN SAMENVATTING VAN DE RESULTATEN
1 . A c h te rg ro n d
In di t  p ro e fsch r i f t  wordt een onderzoek beschreven naar de invloed van betreding 
en bodemverdichting op het voorkomen van enkele P1 an tago-soorten  in de duinen 
aan de kust van zuidwest-Nederland. Bodemverdichting veroorzaakt door betreding is  
een gemeenschappelijk aspekt van begrazing en r e k re a t ie . Het onderzoek i s  groten­
deels uitgevoerd in de duingebieden van Voorne en Goeree waar met name in de 
duingraslanden begrazing en rekreat ie  een grote rol spelen. Behalve de n a tuu r l i jke  
begrazing door konijnen wordt p la a t s e l i j k  begrazing door geiten , schapen, koeien 
en paarden a ls  beheersmaatregel toegepast. Als gevolg van de nabijheid van grote 
bevolkingscentra is  de rekreatiedruk in deze duingebieden a a n z ie n l i j k .  Onderzoek 
naar de invloed van begrazing en rekreat ie  op de vegetatie is  n ie t  a l leen u i t  
wetenschappelijke overwegingen van belang, maar kan ook bijdragen tot de keuze 
van de gewenste beheersmaatregelen. Uitgaande van de veronderstel 1in g , dat in 
begraasde en in door rekreanten bezochte terre inen de faktoren betreding en bodem­
verdichting een bel angr i jk  e f fe k t  hebben op de soortensamenstel1ing en de ontwik­
keling van de veg e ta t ie , i s  deze studie gericht op een aantal Dlantesoorten waar­
van het voorkomen w a a r s c h i jn ! i j k  in meer of mindere mate mede bepaald wordt door 
deze faktoren. Gekozen i s voor enkel e taxa ui t het gesl acht P l a n t a g o .  P.  ma j or  
L .  ssp. ma j o r  en in ie t s  minder mate P . c o r o n o p u s  L .  b l i j ken vaak te 
groeien op plaatsen di e regelmatig betreden worden. Het werd van belang geacht de 
reaktie  van deze taxa op genoemde mi 1ieufaktoren te verge l i jken  met de reaktie  
van P . l a n c e o l a t a  L .  en P . m a j o r  L .  ssp. p 1 e i os pe rma Pi 1 ger. Om de reakti e 
van deze taxa ,  die al 1e in duingraslanden kunnen voorkomen, te verge l i jken  met de 
reaktie  van een P 1 a n t a g o - s o o r t  die n ie t  op duinzandgronden aan de kust wordt 
aangetroffen, i s  b i j  een deel van het onderzoek ook P. media L .  betrokken.
Drie niveaus van onderzoek kunnen worden onderscheiden, (a) Een veldstudie van 
de plantengemeenschappen waarin deze soorten kunnen voorkomen, alsmede een studie 
van de verspreiding van de gekozen Pl a n t ago-  soorten in r e la t ie  tot de faktoren 
tred en bodemdichtheid. (b) Een experimentele studie op proefvelden onder gedeel­
t e l i j k  gekonditioneerde omstandigheden en (c )  een experimentele studie in het 
laboratorium onder geheel gekonditioneerde omstandigheden. Deze opzet i s  gekozen 
omdat de auteur van mening is  dat ,  om een goed in z ich t  te verkr i jgen in de reakt ie  
van een plant op bepaalde mi 1ieu fak to ren , studies in de komplexe ve ld s i tu a t ie  
moeten worden ondersteund door studies waarin bepaalde faktoren a fzo n d er l i jk  en 
in kombinatie kunnen worden onderzocht. Omdat de k loof tussen de omstandigheden 
in het veld en die in het laboratorium erg groot i s ,  z i j n  de experimenten tevens 
op proefvelden uitgevoerd. De hypothese di e voortgekomen i s ui t het vel donderzoek ,
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i s  in de experimenten getoetst .  Een voorwaarde b i j  deze benadering is  echter dat 
er een wisselwerking moet z i j n  tussen de v e ld s i tu a t ie  en het experimentele werk; 
de resu ltaten verkregen u i t  de experimenten moeten op hun waarde worden beoordeeld 
in het veld. Daarom heeft het veldonderzoek plaatsgevonden gedurende de gehele 
studieperiode.
Een ander uitgangspunt van d it  onderzoek i s  geweest, dat een goed beeld van de 
reaktie  van een plant op v e rsch i1 lende mi 1ieufaktoren al leen kan worden verkregen 
a ls  al 1 e stadia in de levenscyclus van de plant in het onderzoek worden betrokken. 
De auteur is  van mening, dat in het verleden het belang van deze benadering te 
weinig is  onderkend. Daarom z i j n  in het onderzoek, gepresenteerd in d i t  proef­
s c h r i f t ,  de effekten van tred en bodemdichtheid op de ontkieming, de vestig ing 
van kiemplanten, de g ro e i , de b l oe i ende zaadproduktie van de gekozen P l a n t a g o -  
soorten beschreven.
In d i t  p ro e fsch r i f t  z i j n  de pub l ikat ies  over het experimentele deel van het 
onderzoek en over de v e ld s i tu a t ie  in chronologische volgorde opgenomen.
2 . S a me n v a t t i n g  van de r e s u l t a t e n
( a )  B o d e m v e r d i c h t i n g ,  o n t k i e mi n g  en het  b i n n e n d r i n g e n  i n  de bodem 
van de w o r t e l s  van k i e m p l a n t e n  ( l a b o r a t o r i u m p r o e v e n )
- In onverdichte duinzandbodems met een hoog vochtgehalte waren meer zaden van 
P . 1a n c e o 1ata  , P . c o r o n o p u s ,  P . m a j o r  ssp. ma j or  en P . med i a  ontkiemd 
dan in verd ichte ,  vochtige substraten ( z i e pag. 20, F ig .  1).
- In duinzandbodems meteen laag vochtgehalte werden meer Pl an tago-kiemplanten 
gevonden op de sterk verdichte bodems dan op de onverdichte substraten ( z i e  pag. 
21, F ig .  2 ) .  In verdichte zandbodems bleek de cap i11 ai re werking beter te z i j n  
dan in de onverdichte substraten. H ie ru i t  kan worden a fg e le id ,  dat de ontkieming 
meer werd geremd door een te laag vochtgehalte dan door een hoge mechanische 
weerstand van de bodem.
- Voor de ontki emi ng van P . m a j o r  ssp. ma j or  en P . me d i a waren hogere vocht­
gehalten ve re is t  dan voor de ontkiemi ng van P . l a n c e o l a t a  en P . c o r o n o p u s  
( z i e  pag. 21, F ig .  2 ) .
- De primai re wortel s van P . c o r o n o p u s  en P . m a j o r  ssp. ma j or  bleken beter 
in s taat  te z i j n  verdichte substraten binnen te dringen dan de primaire wortels 
van P . l a n c e o l a t a  en P.  media ( z i e pag. 22, F ig .  3, en Hoofdstuk I I I ,  
pag. 263, Tabel 2 ) .
- Kleine zaden, zoals die van P . m a j o r  ssp. ma j or  en P . c o r o n o p u s ,  bleken 
goed te kunnen ontkiemen op f i jn k o r r e l ig e  substraten. Dit was n ie t  het geval 
voor de grote zaden van P . l a n c e o l a t a  en P.  media ( z i e Hoofdstuk I I I ,  
pag. 263, Tabel 2 ) .
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(b )  B e t r e d i n g  en v e s t i g i n g  van k i e mp l a n t e n  ( l a b o r a t o r i u m p r o e v e n )
- B i j  verhoging van de b e t red in g s in ten s i te i t  nam het aantal kiemplanten dat in 
s taat  was zich te vestigen a f .  De gevoeligheid voor tred was het grootst voor 
de kiemplanten van P . c o r o n o p u s .  Ook veel kiemplanten van P . l a n c e o l a t a  
en P.  media bleken n iet  tegen betreding bestand te z i j n . De kiemplanten van 
P . m a j o r  ssp. ma j o r  konden betreding b e t re kke l i jk  goed doorstaan ( z i e pag. 
38 en 39, F ig .  2 ) .  In proeven waarbij betreding werd uitgevoerd op zoden, bleek 
dat de vest i  gi ng van de kiempl anten van P . m a j o r  ssp. ma j o r  en P.  media 
meer werd geremd door een dicht vegetatiedek dan door betreding ( z i e pag. 42 
en 43, F ig .  3 en 4 ) .
( c )  V e s t i g i n g  van k i e m p l a n t e n  i n het  v e l d
- De resu ltaten van zaai proeven op paden, bermen en op onbetreden bodems in dui n- 
graslanden kwamen overeen met de resu ltaten verkregen in de betredingsproeven 
ui tgevoerd onder gekondi t i  oneerde omstandigheden. De kiempl anten van P . l a n c e o ­
l a t a  en P . c o r o n o p u s  konden zich goed vestigen op droge, onverdichte 
bodems. Kiemplanten van P . l a n c e o l a t a  kwamen ook veel voor i n de bermen met 
een gesloten, hoge vegetat ie .  De kiemplanten van P . m a j o r  ssp. ma j or  en 
P.  media vestigden z ich vooral in de lage en open begroeiingen op paden met 
een verdichte en vochtige bodem ( z i e pag. 46, Tabel V eni n Hoofdstuk I I I ,  pag. 
264 en 265, F ig .  1 en 2 ) .
(d )  B o d e m v e r d i c h t i n g ,  g r o e i ,  z a a d p r o d u k t i e  en w o r t e l o n t w i k k e l i n g  
( e x p e r i m e n t e n  op p r o e f v e l d e n )
- Een toename van de bodemdichtheid ging b i j  P . l a n c e o l a t a  en P . c o r o n o p u s  
gepaard met een afname in de diameter van de roze tten , een vermindering van het 
aantal aren en een lagere zaadproduktie. De gevolgen van bodemdichtheid waren 
geringer b i j  P. ma j o r  ssp. ma j o r  en P . med i a  ( z i e pag. 74, F ig .  2 en 
pag. 86, F ig .  3 en 4 ) .
- Verdichting bleek te resulteren in k le inere  w o r te ls te ls e ls  en tevens te leiden 
tot een verlaging van de wortelbiomassa. De negatieve effekten van bodemver­
dichting op de ontwikkeling van het w o rte ls te lse l  waren groot b i j  P. media 
en P . l a n c e o l a t a  en b e t re k k e l i jk  k le in  b i j  P . m a j o r  ssp. ma j o r  en 
P . c o r o n o p u s  ( z i e pag. 80 en 81, F ig .  1 en pag. 85, F ig .  2 ) .
( e )  B o d e m v e r d i c h t i n g  en b e t r e d i n g ,  g r o e i ,  z a a d p r o d u k t i e  en w o r t e l - 
o n t w i k k e l i n g  ( e x p e r i m e n t e n  op p r o e f v e l d e n )
- Betreding veroorzaakte een afname van de diameter van de rozetten van P . l a n ­
c e o l a t a  en, in mindere mate, van P . c o r o n o p u s .  Dit e f fe k t  werdniet ge­
vonden b i j  P . m a j o r  ssp. ma j o r  en P . med i a  ( z i e pag. 74, F ig .  2 ) .
131
- het aantal aren van P . m a j o r  ssp. ma j or  en P . c o r o n o p u s  was in de be­
treden velden hoger dan in de onbetreden s i t u a t i e s .  L ich t  betreden planten van 
P . l a n c e o l a t a  vormden meer aren dan onbetreden planten. Mati ge tred veroor­
zaakte een toename van het aantal aren b i j  P. media ( z i e pag. 36, F ig .  3 ) .  
Een toename van de b e t red in g s in ten s i te i t  veroorzaakte een afname in het aantal 
aren b i j  P . l a n c e o l a t a  en P . c o r o n o p u s .  P . m a j o r  ssp. ma j or  vormde 
meer aren in matig en sterk betreden velden dan in l i c h t  betreden velden.
B i j  a l l e  taxa bleken de aren in de betreden ser ies  korter  te z i j n  dan in de 
onbetreden ser ies  ( z i e pag. 87, Tabel 2 ) .
- In de betreden se r ies  was het aantal per plant geproduceerde zaden meestal l a ­
ger dan in de onbetreden s e r ie s .  Alleen P . m a j o r  ssp. ma j o r  produceerde 
gemiddeld meer zaden in de l i c h t  betreden se r ies  dan in de onbetreden behande­
l ing op de onverdichte bodem. B i j  een toename van de be t red in g s in ten s i te i t  ver­
minderde de zaadproduktie van P . l a n c e o l a t a  en P . c o r o n o p u s  a a n z ie n l i j k .  
Dit was i n mi ndere mate het geval b i j  P. ma j or  ssp. ma j o r .  B i j  P.  media 
was het aantal zaden k le in  in a l l e  betreden ser ies  ( z i e pag. 86, F ig .  4 ) .
- Betreding had een sterk negatief e f fe k t  op de omvang en de biomassa van de wor­
t e l s t e l s e l s  van P . l a n c e o l a t a  en P.me d i a .  B i j  P . m a j o r  ssp. ma j or  
was d i t  e f fek t  minder groot. Geringe effekten werden waargenomen b i j  P . c o r o ­
nopus ( z i e pag. 80, 81, Fig.  1 en pag. 85, Fig.  2) .
- De bovengrondse delen van P. ma j o r  ssp. ma j or  waren i nde betreden ser ies  
groter dan in de onbetreden s e r ie s .  De betreden planten bleken echter een 
k le in e r  w o rte ls te lse l  te hebben. H ie ru i t  kan gekonkludeerd worden dat in de 
betreden velden het w o rte ls te lse l  van P. ma j o r  ssp. ma j o r  doelmatiger 
funktioneerde. In het experiment kon d i t  ve rsch i jn se l  voor een be langr i jk  deel 
worden verklaard u i t  het ontbreken van wortelkonkurrentie in de betreden, ve r­
dichte bodems. In de onbetreden, onverdichte bodems verdrongen de grote w orte l­
s t e l s e l s  van P . l a n c e o l a t a  die van P . m a j o r  ssp. ma j o r  ( z i e pag. 82 
en 83, Foto la en b ) ,  waardoor de planten van het 1aatstgenoemde taxon in hun 
groei werden belemmerd.
Intensieve betreding veroorzaakte een sterk verdichte bodem ( z i e  pag. 75, 
Tabel 1 ) ,  waardoor de capi 11 ai re werking toenam. Omdat P. ma j or  ssp. ma j or  
n iet  diep wortelde, werd door de betere vochtvoorziening in betreden bodems de 
groei w a a r s c h i jn l i j k  ook bevorderd.
( f )  B e t r e d i n g ,  b o d e m v e r d i c h t i n g  en het  voorkomen v a n P l a n t a g o -  
s o o r t e n  i n de o n d e r z o c h t e  d u i n a r a s 1anden
- P.  ma j o r  ssp. ma j o r  komt voor op opengetrapte plaatsen van vaak betreden 
paden met een vochtige, voedsel r i j k e  en verdichte bodem ( z i e pag. 112, Tabel 4a) .  
De vegetatie waarin d i t  taxon wordt aangetroffen ( z i e  Hoofdstuk V I ,  Tabel 1 ) ,  
behoort tot de assoc ia t ie  P o o - L o l i e t u m  (verbond Agr opyr o-Rumi  c i  on 
c r i s p i ) .
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- P.  ma j or  ssp.  p l e i o s p e r m a  komt voor in vegetati e-eenheden die gerekend 
kunnen worden tot de verbonden Nanocype r i on  f l a v e s c e n t i s  en Agr opy r o-  
Rumi c i on c r i s p i  ( z i e Hoofdstuk V I ,  Tabel 1) .  Kenmerkend voor de plaatsen 
waar d i t  taxon wordt aangetroffen, z i j n  de onregelmatige schommelingen in de 
grondwaterstand. De bodem is  vochtig tot nat en verdicht ( z i e pag. 112, Tabel 4a) .
- P . c o r o n o p u s  komt voor op paden die,  vooral in de zomer, regelmatig worden 
betreden. De bodem is  droog, voedsel arm en matig verdicht ( z i e pag. 113 en 114, 
Tabellen 4b en 4c) .  Verstoring door konijnen vindt regelmatig p laa ts .  De vege­
ta t ie  waarin d i t  taxon voorkomt, vormt een overgang tussen de verbonden Nano­
c y p e r i o n  f l a v e s c e n t i s  en Ga 1 i o-Koe 1 e r i on ( z i e Hoofdstuk V I , Tabel- 
len 2 en 3) .
- P . l a n c e o l a t a  groeit  op b e t re kke l i jk  onverdi chte, voedsel r i  jke en vochtige 
bodems ( z i e pag. 112, Tabel 4a) .  De vegetatie-eenheden waarin d i t  taxon wordt 
aangetroffen, behoren tot de verbonden A g r o p y r o - R u mi c i o n  c r i s p i ,  V i o l i o n  
c a n i n a e  en A r r h e n a t h e r i  on e l a t i o r i s  ( z i e Hoofdstuk V I ,  Tabel 1) .
Op droge, voedselarme en l i c h t  betreden plaatsen in de duingraslanden komt 
P . l a n c e o l a t a  var .  s p h a e r o s t a c h y a  Mert. & Koch voor ( z i e pag. 113 en 
114, Tabellen 4b en 4c) in een vegetatie die behoort tot de verbonden G a l i o -  
K o e l e r i o n  en T h e r o - A i r i o n  ( z i e Hoofdstuk V I ,  Tabellen 2 en 3 ) .
3 . Konk1 us i es
De onderzochte P1 ant a  go - soorten bleken versch i l lend  te reageren op betre­
ding en bodemverdichting. De ontwikkeling tot kiemplanten werd in sterke mate be­
ïnvloed door de dichtheid van de bodem en de mikro-topografie van het bodemopper- 
vlak.De overlevingskans van kiemplanten werd vooral bepaald door de betredings- 
in t e n s i t e i t  en de bedekkingsgraad van de omringende vegetat ie .  De mate van bodem­
verdichting was een be langri jke  faktor  voor de ontwikkeling van de w o r te l s te l s e l s .  
In verdichte bodems nam de wortelkonkurrentie tussen de planten a f .  De ontwikke­
ling van de bovengrondse delen en de zaadproduktie werden sterk beïnvloed door 
betredi ng.
De reakt ies  van de onderzochte taxa in het veld konden grotendeels worden ver­
klaard met de resu ltaten verkregen u i t  het experimentele deel van het onderzoek.
P. ma j o r  ssp. ma j or  werd in de onderzochte dui ngrasl anden vooral aange­
troffen op sterk betreden paden met een sterk verd ichte ,  vochtige bodem. Uit de 
experimenten bleek dat de zaden goed in s taat  waren onder deze omstandigheden te 
ontkiemen. De wortels van de kiemplanten bleken goed te kunnen binnendringen in 
verdichte en vochtige substraten; de kiemplanten waren in s taa t  zich op deze 
plaatsen te vestigen. De kiemplanten en de volwassen individuen waren bestand 
tegen betreding. In betreden s i tu a t ie s  werd de gehele levenscyclus voltooid.
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Wortelkonkurrentie kon P. ma j or  ssp. ma j or  n iet  verdragen, waardoor de plant 
zich in een dicht vegetatiedek n i e t ,  en op een pad met weinig begroeiing wel kon 
handhaven.
P . m a j o r  ssp. p l e i o s p e r ma  werd in de duingraslanden voornamelijk gevon­
den aan de randen van poelen. Deze plaatsen werden onregelmatig betreden en de 
bodem was sterk verd icht .  De indruk bestaat dat de verdichting vooral werd ver­
oorzaakt door een sterk wisselende grondwaterstand. Dit taxon werd n ie t  b i j  a l l e  
experimenten betrokken. Uit voorlopige gegevens bleek dat onder bovengenoemde om­
standigheden, de zaden goed konden ontkiemen en de kiemplanten in s taat  waren 
zich te vestigen.
P . c o r o n o p u s  werd gevonden op mati g betreden plaatsen in dui ngrasl anden. De 
bodem bleek matig en soms sterk  verdicht te z i j n  en het vochtgehalte was betrek­
k e l i j k  laag. De wortels van de kiemplanten waren goed in s taa t  verdichte bodems 
binnen te dringen. De kiemplanten bleken echter gevoelig voor betreding te z i j n .  
In perioden met onregelmatige of geringe betreding konden kiemplanten zich in het 
veld vestigen. Volwassen planten bleken betreding goed te kunnen verdragen. Op­
vallend was,  dat de groei van het w o rte ls te lse l  s lechts  in geringe mate werd be- 
invloed door de mechanische weerstand van het substraat .
P . l a n c e o l a t a  var .  s pha e r os  t a c h y a  werd inde dui ngrasl anden vooral aan­
getroffen op betrekkel i j k  droge plaatsen met een matig verdichte bodemen een ge­
sloten vegetatiedek. Dit taxon bleek t i jd en s  a l l e  levensstadia gevoelig voor bo­
demverdichting en betreding. Alleen oudere planten konden geringe tot matige be­
treding re d e l i jk  doorstaan. Op enkele pl aa tsen in  duingraslanden werd P . l a n c e o ­
l a t a  op vochtige, minder verdichte plaatsen aangetroffen. De bodem op deze 
plaatsen was b e t re kke l i jk  r i j k  aan organisch materiaal en de planten hadden lan­
gere aren en grotere rozetten dan de individuen groeiend op de droge bodems met 
lagere gehalten aan organisch m ater iaa l .  Het onderzoek naar de verspreiding van 
deze twee typen van P . l a n c e o l a t a  wordt voortgezet.
P. media komt n ie t  voor in de onderzochte duingraslanden en werd a ls  verge- 
1i jk ingsob jek t  b i j  het experimentele deel van het onderzoek betrokken. De zaden 
bleken re d e l i j k  te ontkiemen in vochtige substraten en de kiemplanten waren min­
der goed bestand tegen betredi ng dan die van P. ma j or  ssp. m a j o r .  De groei 
van de wortels werd sterk geremd door een verdichte bodem. In experimentele, be­
treden s i tu a t ie s  werden weinig bloeiende exemplaren van P. media waargenomen.
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De veronderstel 1ing van Wells e . a . ,  dat bepaalde vormen van landgebruik, 
zoals het afwisselen van beweiden, branden, ploegen en akkerbouw, die méér 
dan een eeuw geleden werden toegepast, verantwoordel i j k  zouden z i j n  voor het 
op die plaatsen ontbreken van bepaalde plantesoorten op d i t  moment, is  
althans in gematigde klimaatgebieden o nw aarsch i jn l i jk .
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IX
In de oecologische 1 i teratuur wordt vaak , ten onrechte , het woord " rad ic le "  
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X
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tal g e l i j k t i j d i g  ontkiemende zaden en de mogelijkheid tot binnendringen van 
kiemplant-wortels in verdichte bodems, is  n ie t  gebaseerd op gepubliceerde 
waarnemingen en is  w a a rs c h i jn l i j k  o n ju is t .  Ten onrechte verklaren Waite en 
Hutchings het voorkomen van P l a n t a g o  coronopus  L .  op paden met de 
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